
TEMPERATURE 

Its Measurement and Control 
in Science and Industry 

VOLUME II 


Edited by 

HUGH C WOLFE 

• for the 

American Institute of Physics 



Papers presented at the Third Symposium on Temperature 
Washington, D. C., October 28-30,1954 

Sponsored by 

American Institute of Physics 
National Bureau of Standards 
Office of Ordnance Research, U. S. Army 


REINHOLD PUBLISHING CORPORATION 

New York 

CHAPMAN & HALL, LTD., 

1955 


LONDON 



14920 


Copyright 1955 by 

REINHOLD PUBLISHING CORPORATION 


CHECKED 




Library of Congress Catalog Card Number: 41-3959 


CHECKED 


• - 

W 6 3* 'T 


Printed in the United States of America by 
THE WAVERLY PRESS, INC. 



FOREWORD 


The papers and discussion in this volume were presented at the Third 
Symposium on Temperature held in Washington, D. C., October 28, 29, 
30, 1954 under the joint auspices of the American Institute of Physics, 
National Bureau of Standards, and the Office of Ordnance Research, U. S. 
Army. The purpose of the symposium was to review developments in the 
concepts, measurement, and standards of temperature evolved since the 
Second Symposium on Temperature in 1939, sponsored by the American 
Institute of Physics. The papers presented at the earlier meeting were 
edited chiefly by Dr. C. 0. Fairchild and published for the Institute by 
Reinhold Publishing Corporation under the title “Temperature—Its Meas¬ 
urement and Control in Science and Industry,” Volume I. This book is 
still a fundamental work in the field. 


In the summer of 1953, representatives of the Office of Ordnance Re¬ 
search and the National Bureau of Standards invited the American Institute 
of Physics to join with them in a discussion of the feasibility of holding a 
symposium on temperature following in the series of such symposia begun 
in 1919 and continued in 1939. The details of organization for the Third 
Symposium on Temperature were quickly worked out and responsibility 
distributed among the three sponsors. The Office of Ordnance Research 
agreed to finance the expenses of the speakers and the symposium. Later 
th ey ako arranged for the invited speakers to come to this country under 
the Exchange Visitor Program P-1770. The National Bureau of Standards 
offered to provide the physical arrangements for the symposium The 
American Institute of Physics was asked to act as disburs^g“under 
a contract with OOR, to advise on the selection of topics and speakers 
and finally, to arrange for the publication of the proceedings of the sym- 
posmm With the publication of this volume the last responsibility fo/the 
lurd Symposium on Temperature has been discharged. 

the plannmg of the symposium was started in the first half of 1953 with 
Dr. Herbert I. Fusfeld, then of Frankford Arsenal, as chairman of S 
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volved in temperature concepts and measurements. Included in the pro¬ 
gram were discussions of the concept of temperature in unusual systems, 
such as very hot gases and matter near absolute zero. In addition, con¬ 
sideration was given to the temperature scales and standards in use at the 
present time and the effects of recent changes in the definitions of these 
scales. Much previously unpublished material was presented at the sym¬ 
posium and is included in this volume. 

The American Institute of Physics owes a great deal to Dr. Hugh C. 
Wolfe, Head, Department of Physics, The Cooper Union for the Advance¬ 
ment of Science and Art, who has given generously of his time, enthusiasm 
and ability to edit and coordinate the papers and discussions presented 
here. 

The members of the committees whose efforts made the symposium one 
of the most successful gatherings of physicists in recent years are listed 
on the opposite page. The physical arrangements made by the National 
Bureau of Standards contributed much to the success of the sessions and 
made the international exchange of ideas a warm and stimulating experi- 
ance. 

American Institute of Physics 

New York, N. Y. 

October 25, 1955 
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EDITOR’S PREFACE 


This volume contains all of the papers presented at the Third Inter¬ 
national Symposium on Temperature with the exception of a paper on 
“Temperature in Relation to Flow Processes” by J. G. Kirkwood of Yale 
University and a paper on “Temperature in Shock Waves” by A. R. 
Kantrowitz of Cornell University. The editor regrets that manuscripts for 
these papers were not available. 

The cooperation of the authors of the various papers in preparing manu¬ 
scripts and in reading the galley proofs of their own papers is greatly 
appreciated. The assistance of the publishers and particularly of Mrs. 
Jeanne B. Flagg, who prepared the index in addition to supervising the 
technical job of putting this volume together, is gratefully acknowledged. 

Hugh C. Wolfe 


New York , N. Y. 
October , 1955 
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SECTION I 


GENERAL CONCEPTS 




THE TEMPERATURE CONCEPT 



Hugh C. Wolfe 

The Cooper Union School of Engineering 


The experimental basis for the concept of temperature is the zeroth law 
of thermodynamics: two systems in thermal equilibrium with a third are 
in thermal equilibrium with each other. From this it follows that for each 
system there exists a function of the parameters describing an equilibrium 
state, designated as the temperature, such that equality of temperatures 
of two systems is the condition for thermal equilibrium between them. 

A system is describable in terms of its location, mass, and composition, 
and various pairs of independent macroscopic parameters of the nature of 
generalized force and generalized displacement. We may simplify this dis¬ 
cussion of the temperature concept by restricting ourselves to systems of 
constant mass and composition describable in terms of a single pair of 
coordinates, Y and X (which might be pressure and volume, respectively, 
for instance). A state of the system in which Y and A” remain constant so 
long as the conditions at the boundaries remain unchanged is a steady state 
and, if no net energy exchange is taking place across any boundary, we have 
an equilibrium state. 


Systems may be separated by adiabatic walls or by diathermic walls. 
Since we are concerned with thermal effects, let us assume that the walls 
are sufficiently rigid to sustain differences in the generalized force on the 
two sides. Then, with an adiabatic separating wall, the two systems are 
quite independent of each other while, with a diathermic wall, changes in 
the coordinates of the two systems take place spontaneously, in general, 
until thermal equilibrium is reached. During the approach to thermal equi¬ 
librium, energy is transmitted from one system to the other through the 
diathermic wall, the energy so transmitted being called heat. 

It is found experimentally that there is an infinity of states of system B 
which are m thermal equilibrium with a given state of system A and there¬ 
fore, by the zeroth law, in equilibrium with each other. (We will say the 
systems are m thermal equilibrium with each other if they are in equilibrium 
states such that no heat flow would occur if they were connected through a 

ifi T 10 r } Thi , S Set 0f StateS for system B const itutes an isothL 
defined as the locus of all points on an Y,X diagram representing states of 
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the system which are in thermal equilibrium with one and the same state 
of another system. There is a corresponding isotherm for system A, includ¬ 
ing the original state and containing all the states which are in thermal 
equilibrium with each other and with all of the states on the isotherm of 
system lb Starting from an initial state not included in these isotherms, we 
can find another pair of corresponding isotherms for the two systems, and 
so on. Whether its analytic form be simple or not, the equation of a family 
of isotherms can be written in parametric form as 

f(Y,X) = 6 (1) 

where Q has a different constant value on each isotherm of the system. This 
quantity, 6, then is the temperature function for the system. 

1 o establish an empirical scale of temperature, we arbitrarily select some 
system as a standard thermometer and adopt an arbitrary set of rules for 
assigning numbers (temperatures) to its isotherms. The temperature as¬ 
signed to any isotherm of the standard thermometer is assigned also to the 
corresponding isotherm for every other system. Then, for any two systems 
connected through a diathermic wall, equality of temperature means ther¬ 
mal equilibrium and difference of temperature means that heat will flow. 
The temperature scales in current use are such that the direction of heat 
flow is lrom high to low temperature. We shall hear a good deal in this 
S3 r mposium about the kinds of thermometers that have been found con¬ 
venient for different temperature ranges and about the rules which have 
been adopted for assigning numbers to their isotherms. 

One of the simplest procedures 1 for establishing a temperature scale is 
to establish a constraint on the thermometer so that its allowed states lie 
on a path across its isotherms. If the path chosen is Y = T 0 (e.g. constant 
pressure gas thermometer), a scale can be established in terms of the values 
of X at which this path crosses the isotherms by such a simple rule a6 



Fig. 1. Values of X for which Y = }'o 


X 
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i = aX + b. The values of a and b can be assigned arbitrarily, or they can 
be determined by measurment if numerical values are assigned to t at two 
points, such as the ice point and the steam point. 

Since, for every system, an isotherm is characterized uniquely by both 
the temperature function, 0 , and the empirical temperature, t, it must be 
possible to express 0 in terms of /; i.e. the parametric equation of the iso¬ 
therms of any system is 2 

/(F,X)=0(O. (2) 

Caratheodory 3 deduced the existence of the temperature function from 
the zeroth law in a classic paper. The coordinates of systems A and B are 
not independent of each other when the two are in equilibrium. Equilibrium 
requires the satisfying of one equation, 

V(Y a , X a , Y b , X b ) = 0. ( 3 ) 

Similarly, equilibrium between B and C and between A and C means 

$0 b , Xb , Y c , A c ) = 0, ( 4 ) 

and 


T( I „ , X a , Y c , X c ) = 0. ( 5 ) 

The zeroth law, which states that Eq. (5) will be satisfied if (3) and (4) are 

satisfied, means that (5) can be derived from (3) and (4) by eliminating the 

two variables Ei. jr', which are common to them and which do not appear 

m (5) Similarly (3) must be derivable from ( 4 ) and ( 5 ) and ( 4 ) from (3) and 

(o). It is maintained by Caratheodory that this is possible only if the three 
equations can be put into the form 


, X „, Y b ,X„) =f A (Y a ,X a ) -f B (Y b ,X b ) =0, 
$(Y b , X b , Y c , X c ) = f B (Y k , X b ) — f c (Y e , X c ) = o, 


( 6 ) 
(7) 

V{Ya ' Xa ’ V ‘ ’ -W*, X-)~MY C ,X') = 0 . ( 8 ) 

;t tt quite piausiwe that [t is ais ° neces - 

The / th has not F et seen a satisfying proof of necessitv 

Bsmmwsi 

i.e. (1) the existence of a temperature function f(Y paper ~ 

along an isotherm of a system and (2) hlch 18 constant 
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A particularly useful temperature scale is based on the properties of 
gases as determined experimentally. It is found that, at their low pressure 
end, the isotherms of all gases are described by Boyle’s law, 

PV = constant. (9) 

The “absolute gas scale’’ of temperatures assigns numerical values to the 
temperature, 0, on the basis of the relation 

e = a Km (PF) . (10) 


The constant, a, has usually been fixed by the requirement of 100° dif¬ 
ference between the ice point and the steam point. In this case, the ice 
point temperature is given by 



100 


lim ( PV)i 

lim (PV). - lim (PV),' 



There are undoubtedly some advantages in the alternative proposed by 
Giauque that the constant, a, be fixed by assigning a numerical value to 
one reference temperature, such as that of the ice point or the triple point 
of water. 

On the basis of 273.15 as the best experimental value of 0, as given by 
Eq. (11), the Comity Consultatif de Thermom6trie adopted the value 
273.10° for the triple point of water as the basis for determining tempera¬ 
tures on the Kelvin scale. 4 

The absolute gas scale, as described here, establishes a temperature 
scale only over the range in which gases obey Boyle’s law at low pressure. 
Consequently, this scale is undefined below the temperatures at which 
helium is a well-behaved gas and there is no physical meaning to absolute 
zero of temperature on this scale. 

The second law of thermodynamics may be stated in the form: no engine 
operating in a closed cycle can transfer heat between two reservoirs in the 
direction opposite to that in which heat flows when the two reservoirs are 
connected through a diathermic wall, without compensating changes in 
other systems. From this it follows that the efficiency of an ideal Carnot 
engine operating between two reservoirs depends only on the temperatures 
of those two reservoirs, i.e. 


Efficiency (Carnot) = 1 — ^ = /(0i,0 2 ), (12) 

Q i 

where Q\ is the heat intake in a reversible isothermal process at tempera¬ 
ture 0i , and Qt is the heat rejected in a reversible isothermal process at 
temperature 0 2 , the two portions of isotherms being bounded by the same 
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pair of adiabatics. A scale, known as the Kelvin scale or the absolute ther¬ 
modynamic scale, is established by the arbitrary rule, 



As in the case of the absolute gas scale, numerical values for temperatures 
on this scale have been fixed by assigning 100° as the interval between the 
ice point and the steam point. 

From the determination of the absolute gas scale by Eq. (10) and the 
additional experimental fact that the internal energy of a gas in the limit 
of low pressures is a function of the temperature, only, it follows, from con¬ 
sideration of a Carnot cycle with a gas at low pressure as the working sub¬ 
stance, that 



Hence, the absolute gas scale coincides, in the range where it is defined, 
with the Kelvin scale. 

Applying Eq. (13) to infinitessimal portions of isotherms bounded by the 
same pair of adiabatics, we have 


dQ i 

T i 




Since any reversible closed path may be approximated as closely as we like 
by alternate infinitessimal portions of adiabatics, for which dQ = 0, and 

isotherms, which occur in pairs satisfying Eq. (15) but with opposite signs 
of heat flow, it follows that 


or that 



dQ* 


= dS, 


(17) 


where S is a thermodynamic function of the macroscopic coordinates of the 
system, called the entropy. Hence the Kelvin temperature, T, is sometimes 
described as the “reciprocal of the integrating factor for reversible heat ” 
Near absolute zero, the relation Eq. (17) is used directly for the determina¬ 
tion of temperatures. Further treatment of this subject is left to other pa- 
pers m this symposium. * 

baS nf t r PeratUr ^ C °T Pt ^ b6en deVel0ped hele -abusively on the 
basis of the properties of systems in equilibrium. The concept would be of 
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rather limited usefulness, however, if we could not extend it to nonequi¬ 
librium situations. As soon as we begin to speak of the temperature distri¬ 
bution in a heat flow problem, for example, we are applying the tempera¬ 
ture concept in a nonequilibrium situation. To investigate the conditions 
under which such an extension of the concept is valid, we must go over to 
statistical mechanics and the microscopic view of our system. The equi¬ 
librium state is characterized by a distribution of energy among the modes 
of motion of the microscopic particles of which the system is composed, 
this distribution being a function of the temperature. A temperature can 
be assigned in a nonequilibrium situation if the microscopic distribution 
of energy does not differ significantly from the equilibrium distribution at 
that temperature. The necessary condition for this is that the processes 
tending to change the distribution through interaction between the system 
and its surroundings are slow compared to the internal energy-sharing 
processes by means of which the equilibrium distribution is brought about. 

Some authors have used the term temperature in nonequilibrium situa¬ 
tions to mean the temperature for which the system in equilibrium would 
have the same energy. This usage seems undesirable when the energy dis¬ 
tribution is markedly different from that at equilibrium. On the other hand, 
there may be meaningful temperatures which are different for two or more 
subsystems occupying the same space. At the very low temperatures pro¬ 
duced by adiabatic demagnetization, it is quite possible that the mecha¬ 
nisms for energy exchange between spin states and lattice vibrations are 
so slow that we may have different but fairly well defined temperatures for 
the two. In a flame, the essentially equilibrium distribution over trans¬ 
lational degrees of freedom is, in some cases, characteristic of a higher tem¬ 
perature than would prevail for the same total energy if internal degrees of 
freedom were excited to the extent corresponding to equilibrium at the 
same temperature. Electrons, positive ions, and neutral atoms may coexist 
in the same space in a gaseous discharge with mean translational energies 
of random motion characteristic of widely different temperatures. Investi¬ 
gation of the energy' distribution is necessary, however, before one can say 
properly whether these subsystems have definite temperatures. 

References 

1. Balamuth, L., Wolfe, II. C., and Zemansky, M. W., “The Temperature Concept 

from the Macroscopic Point of View,” Am. J. Phys., 9, 199-203 (1941). 

2. Miller, A. R., “Concept of Temperature,” Am. J. Phys., 20, 48S-491 (1952). 

3. Caratheodory, C., Math. Ann., 67, 355 (1909). 

4. Hall, J. A., “The International Temperature Scale,” in this volume, p. 125. 
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THE CONCEPT OF TEMPERATURE 
NEAR ABSOLUTE ZERO 

F. E. Simon 


Oxford University 

The definition of temperature is based on the second law of thermody¬ 
namics, and this definition apparently applies to any temperature region. 
Why then is it necessary to discuss the notion of temperature near absolute 
zero? The reason is that all the thermodynamic variables and functions 
which we use to express the state of a system are really only approxima¬ 
tions. These approximations are quite sufficient for all practical purposes— 
for which of course thermodynamics was originally developed. They are, 
however, justified only if the number of degrees of freedom in the system is 

very large. Are we going to run into trouble on this account when approach¬ 
ing absolute zero? 

A system is affected in two ways when its temperature is raised. There 
is always an increase in the disordered thermal motion of the constituents; 
for example on heating an ideal gas its molecules travel with a greater 
velocity and the energy due to this thermal motion is proportional to the 
absolute temperature. This is also true of the vibrational energy of crystals 
in the classical region. As the gas thermometer has always formed the basis 
of our temperature measurements, most people tend to associate tempera¬ 
ture almost exclusively with disordered thermal motion. 

Besides this effect, raising temperature also excites higher energy states 
within the constituents of the system; for example it may produce dissocia¬ 
tion or ionization of the molecules or atoms, or bring about other rearrange¬ 
ments within their structure. These changes are generally regarded as being 
secondary ones, brought about by the thermal motion. In this case we can 
speak of temperatures which are “low” or “high” for the excitation of a 
parhcular energy state: a temperature is low (or high) when it is very small 
( arge) compared with the characteristic temperature U/R where U is 

st^ n ar Gnerg T n ? ded t0 bring about the chan S e and R is the gas con- 

degrees^ freedom ^ tem P erature bel °"' ™hieh the numbers of 

fr . eedom Ina s y stem so small that it becomes impossible to 
PP y the ordinary notions of thermodynamics, a region in which the fluctu 

ations become dominant. The position of this temperature regbn mtt 
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depend of course on the size of the system or rather the number of its con¬ 
stituents. For example, if U is the molar energy of excitation of a molecule, 
then at a temperature of U/bOR the number of excited molecules per mole 
is only about 100; and so far as excited molecules are concerned we are 
cl earl}' in the subthermodynamic range. 


Systems with Few Degrees of Freedom 

I want first to discuss the behavior of the disordered thermal motion of, 
say, a gas or solid as we approach absolute zero. In classical theory where 
the degrees of freedom are “counted and not weighted,” we have the law 
ot the equipartition ot energy which leads to a constant specific heat. The 
number ot degrees of freedom does not change with temperature; there are 
just as many near absolute zero as at high temperatures. In classical theory 
there are no “low” temperatures so far as the disordered energy is con¬ 
cerned. In quantum theory, however, the picture is completely different as 
the vibrations in a crystal can no longer take up any amount of energy. 
Only discrete states of excitation are allowed and with falling temperatures 
more and more degrees of freedom become immobilized. In many ways the 
situation is analogous to the excitation of higher atomic and molecular 
states. 

It is possible to calculate the temperature at which a vibrational sys¬ 
tem passes into a state where it no longer possesses sufficient degrees of 
freedom to warrant a thermodynamic description. This was done in 1921 
by Planck 1 and independently by Schaefer. 2 Planck defines the temperature 
at which the normal picture breaks down as that where one can no longer 
replace the “Zustandssumme” by a “Zustandsintegral,” and he concludes 
that 


| » n~ w (1) 

u 

(6 is the characteristic temperature of the vibrations, n is the number of 
particles and n I/3 therefore is proportional to the length). It turns out that 
this temperature is about the same as that at which the dominant wave¬ 
length is equal to the linear dimension of the system. The characteristic 
temperatures of crystals vary between about 50 and 2000°K; so to get some 
idea of the order of magnitude involved let us take an average value of 
300°K. Then it follows that a cube of such a crystal of side 1 mm will obey 
the ordinary laws of thermodynamics at all temperatures which are high 
compared to 1/10,000°K. An extreme case from the point of view of char¬ 
acteristic temperature is diamond (6 = 2000°K), and here we find that for 
a similar cube the critical temperature is only about 1/1000°K. Below this 
temperature the vibrational specific heat is no longer independent of the 
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size—and shape—of the sample, and in approaching absolute zero it vanishes 
exponentially rather than as the cube of the temperature. (Of course similar 
considerations apply to other systems such as those with rotational degrees 
of freedom, to degenerate gases, to electrons in metals, and to liquid helium.) 

If the temperatures are not high compared with the temperatures de¬ 
fined above, then the system is outside thermodynamics proper. Planck 
states that: “A system may have as many degrees of freedom as it likes, 
there exists a certain order of magnitude of temperature below which it 
must not fall without the laws of thermodynamics losing their validity.” 
I shall return to this dictum of Planck’s later on, but before that I must 
discuss whether such conditions can be realized experimentally. 

Here we have to consider two possibilities: first, can we attain such tem¬ 
peratures by any process in which only the system itself takes part? As I 
have discussed elsewhere 3 the principles of reaching low temperatures I shall 
only remind you that to lower temperature we must have at our disposal 
a system which contains a considerable amount of entropy, which is 
strongly dependent on temperature and on a second parameter, as for in¬ 
stance the volume or the magnetic field. To produce cooling we must first 
reduce the entropy isothermally by changing the second parameter and 
then return to the original value of this second parameter adiabatically. 
We then arrive at a lower temperature, as we may see from Fig. 1; the exact 
amount of cooling depends on the special properties of the system and the 
shape of the entropy curves near absolute zero. 


Figure 1 shows the entropy diagram of a substance obeying quantum 
theory: the specific heats fall to zero and the entropies therefore have values 
at absolute zero which remain finite (in contradistinction to the classical 
case). If the disappearance of the specific heats were the only quantum effect, 
then as you can see in Fig. la, we would be able to reach all temperatures 
down to absolute zero. However, the third law (as originally formulated 
by Nernst) says that there are no entropy differences at absolute zero, while 
Planck’s statistical definition goes further and says that the absolute values 
of the entropies are zero at absolute zero. This means that we cannot reach 
absolute zero; indeed the impossibility of reaching it together with the dis¬ 
appearance of the specific heats can be taken as one formulation of the third 
law. Although the attempt to reach lower and lower temperatures becomes 
increasingly difficult, there is of course no definite limit in an ideally isolated 
and reversible system at which the processes in question become impossible. 
However, it is obvious that when we reach the regions where the whole 
system contains only a smallish number of degrees of freedom, the negligible 
amount of entropy contained in them is not sufficient to overcome the 
inevitable heat influxes and minute irreversibilities which are never com- 
P e e y absent. We have arrived in a region where the system’s heat capacity 
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0 b 

Fig. 1. Entropy of quantum system, assuming (a) nonvalidity, (b) validity of 
third law. 

is about equal to that due to the Brownian movement and its entropy is 
even very much less. Thus no real system can be used to cool itself to those 
regions in which the thermodynamic treatment becomes inadequate. 

However, it may be possible to reach such temperatures by making use 
ol other systems. This was rather improbable as long as the characteristic 
temperature of processes which could be used to lower temperature was of 
the same order of magnitude as that of the vibrational quanta. The posi¬ 
tion changed, however, when highly disordered states with very much 
smaller characteristic temperatures were discovered to exist in some para¬ 
magnetic salts; following the suggestion of Debye and Giauque, these have 
been used to extend the temperature range to much lower temperatures. 
I p to the present, temperatures of about J/(ooo 0 K have been obtained and 
measured on the thermodynamic scale. There are still other degrees of 
freedom associated with changes in the orientations of the nuclei which 
have still lower characteristic temperatures, and in time thej r will enable 
us to reduce the temperature by another factor of 100 or 1000. 3 

Thus we can in principle produce conditions where there are only a few 
degrees of freedom left in a vibrational system. For instance, we could 
put J/fo mm grains of diamond powder in contact with a paramagnetic 
salt, cool the salt to Mooo°K by demagnetization and then remove the 
powder from the salt. The temperature of the diamond would then be ten 
times lower than the temperatures defined in Eq. (1) and under these cir¬ 
cumstances wild fluctuations would occur. Most grains would have no 
vibrational quantum, a few would have one, and a very few perhaps two; 
each single grain would certainly be in the state discussed by Planck where 
thermodynamic laws no longer apply. 
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What would happen if we tried to measure the temperature of the grains? 
A thermometer—in the widest sense—is a system possessing properties 
which depend on temperature; therefore it must have a great number of 
degrees of freedom. For instance, we could try to measure the temperature 
of a grain with a paramagnetic thermometer consisting of a minute particle 
of the same paramagnetic salt which we used to cool the diamond originally. 
However, all we would do would be to impress the temperature of the ther¬ 
mometer with its necessarily much higher heat capacity on that of the grain. 
I think this shows how little thermal disorder is left in our system. 

Thus we can create conditions where the number of degrees of freedom 
in a system is too small to warrant the use of the approximations of thermo¬ 
dynamics. Are there any consequences of this state of affairs? Planck 
states that as a consequence all thermodynamic arguments based on un¬ 
limited cooling of the system are invalid; “in particular this applies to all 
‘Gedankenexperimenten’ which are making use of absolute zero.” 

Of course the most important imaginary experiment is to cool the system 

to absolute zero in order to calculate absolute entropies. Do we make an> r 

serious mistakes by extrapolating a specific heat in the ordinary way to 

absolute zero in order to calculate the entropy? Planck himself emphasized 

that this is not the case; the specific heat is so minute in this region that, 

whatever reasonable extrapolation we make, its contribution to the entropy 

is much too small to have any effect. The systems are already so depleted 

of entropy, so orderly, that their condition is practically indistinguishable 

from that at absolute zero and for all practical purposes we have arrived 
there. 

What then does Planck mean by his statement? At absolute zero pure 

potential theory reigns. Mechanics or electromagnetic theory deals with 

systems at absolute zero and their applications to real systems at finite 

temperatures are in fact only approximations. The position might have 

been different if the third law were not valid and a system could possess 

mite entropies at absolute zero, but this is certainly not so for systems in 

thermodynamic equilibrium, and they are the only ones which matter in 

this context. Thus I can see no physical meaning in Planck’s warning to 

exclude imaginary experiments which make use of absolute zero, or at least 

no more meaning than what is already contained in the law of the unattain- 
aDiiity of absolute zero. 


Spin Systems 

tioatflT di r S w e f ect 0f the existence of sterns on our no¬ 
tion of temperature. We have to distinguish various subsystems the vi 

bratmnal system of the lattice, the electronic spin system in pZ m t n J ' 
salts, nuclear spur systems, and the systems of the free electrons in metals" 
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These subsystems are not necessarily in thermodynamic equilibrium with 
each other and the relaxation times for heat exchange between them are 
often rather long. This point will be discussed in another lecture in some 
more detail, and I only want to mention that inside each system equilibrium 
is established rather quickly at all temperatures. 

Figure 2 shows that demagnetization under proper conditions can lead 
us into regions where the entropy due to lattice vibrations is negligible in 
comparison to the “spin” entropies. We can no longer regard temperature 
in terms of disordered kinetic energy. One incentive to think in these terms 
has indeed already disappeared at much higher temperatures, for below the 
region of the characteristic temperature 6 there is no longer proportionality 
between thermal energy and absolute temperature. Now, however, we are 
forced to give up this way of thinking altogether. There is no question that 
the spin systems are being excited by the thermal motion. We can, for instance, 
isolate spin systems practically completely (and in the case of nuclear spin 
systems, this can be done at very much higher temperatures than those 
illustrated in the figures). If we then supply them directly with a quantity 
of energy, they will again attain thermodynamic equilibrium inside their 
own systems without any reference to the vibrational system. 

The existence of the spin systems leads to some strange consequences, 
the so-called “ negative ” temperatures. This is a rather controversial matter 
and not enough experiments have yet been carried out in this field to enable 
a final judgment. Nevertheless the question seems to be important enough 
to merit a short discussion. In spin systems only discrete energy states are 
possible as in vibrational systems, but there is one important difference 
between the two. The vibrational spectrum has no upper energy limit while 
the spectrum of the spin system has. This expresses itself of course in the 
fact that with rising temperature the specific heat due to the vibrations 
tends toward a constant value (Dulong and Petit’s SR). On the other hand 
the specific heat due to the excitation of the spin system passes through a 
maximum and falls again toward zero. 

If we can isolate such spin systems from the lattice, and this is very 
easy for nuclear spin systems, we can create conditions which, as Pound, 
Purcell, and Ramsey 4 have shown, can be described by introducing the 
concept of “negative” temperatures. Let us consider for the sake of sim¬ 
plicity a system possessing only two levels. At temperature zero the lower 
energy level alone is populated. With rising temperature the upper one 
becomes increasingly populated and when there is an equal population of 


both levels, the temperature will correspond to infinity. If we now pump 
in more energy, the system can take it up only if the upper level becomes 
more populated at the expense of the lower one; this condition corresponds 
to a “negative” temperature. It should be emphasized that we are not deal- 
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ing with frozen-in systems to which thermodynamics cannot be applied; 
these subsystems are in internal thermodynamic equilibrium. Moreover as 
the three authors have shown, a statistical treatment shows that these dis¬ 
tributions correspond exactly to those at ordinary positive temperatures 
except that T now has a negative sign. It also looks as if it should be possible 
to carry out processes in the “negative” temperature region, which obey 
the ordinary laws of thermodynamics. It seems, however, unlikely that it 
will be possible to pass reversibly from positive to negative temperatures. 

Such systems can of course never exist in thermal equilibrium with a 



T°K 

Fig. 2. The entropy and specific heat of a typical paramagnetic salt 
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vibrational or any other system not possessing an upper limit to its energy 
spectrum. It is not possible to completely isolate the spins from the vi¬ 
brational system but in practice it can be done for times sufficiently long 
to allow us to carry out experiments under almost adiabatic conditions. 
Although the spins are slightly disturbed by traces of thermal contact, 
these experiments enable us to deduce the properties of completely isolated 
systems by extrapolation; after all a familiar procedure in dealing with 
ordinary thermodynamic systems. 

It should be noted that these “negative” temperatures are not reached 
by passing through absolute zero, but by passing from high values of 1 /T 
(low positive temperatures), through zero (temperature infinite), to low 
negative values of \/T. In particular, it must be emphasized that for sys¬ 
tems with “negative” temperatures there will still be a law of the unattain- 
ability of absolute zero (when approaching from the other side). Moreover, 
positive and negative temperatures are not symmetrical in the sense that a 
mixing of positive and negative would lead to temperatures intermediate 
in the ordinary sense. Actually, negative temperatures are in a way better 
described as “hotter” than “infinite.” 5 

This discussion of “negative” temperatures underlines further the fact 
that we must give up the popular idea of thinking of temperature in terms 
of disordered kinetic energy. The particular temperature concept of posi¬ 
tive temperatures to which we are so accustomed should perhaps be re¬ 
garded as a special case of a more general concept, a case distinguished by 
the fact that there is no upper limit to the energy the system can take up. 
Systems of ordinary “positive” temperature are of course so prevalent in 
nature (they include all those based on thermal vibrations and on thermal 
radiation) that the systems in which “negative” temperatures can be 
created will always be in an extremely small minority, although of great 
theoretical interest. One cannot deny that at first the whole notion of nega¬ 
tive temperature seems strange but if one admits the notion of spin tem¬ 
peratures at all, it seems to me that one runs into more difficulties by trying 
to avoid the notion of “negative” temperatures than by accepting it. 

The Temperature Scale 

Finally a word about the temperature scales. Of course, there is no ques¬ 
tion of a particular temperature scale being right or wrong; what matters 
is solely its convenience. When we get down to temperature regions where 
the bulk of the entropy is no longer due to vibrational disorder we find that 
the usual temperature scale is not well fitted to the changed circumstances. 
What matters in this region are temperature ratios, and a \/T or log T scale 
would certainly be more convenient ; the 1/7 7 scale would also have great 
advantages when dealing with “negative” temperatures. 
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On the other hand there is no justification for abandoning the ordinary 
temperature scale in the region of ambient or higher temperatures with 
which most of our technical applications are concerned. It could, however, 
be a matter of discussion whether the low temperature physicist should not 
express his results in a 1 /T scale.* A word of warning should be added: I 
have heard such a change advocated in some quarters for the reason that 
on a l/T or log T scale the unattainability of absolute zero, i.e., the third 
law, becomes a triviality. This argument is, however, fallacious: a new 
generalization of experimental observation cannot be made superfluous by 
a mere mathematical transformation. 
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HIGH GAS TEMPERATURES 


G. H. Dieke 

The Johns Hopkins University 

When the temperature of any substance rises to a few thousand degrees 
or higher, optical methods are usually the only ones that can be used for 
temperature measurements. Any material thermometer introduced into the 
hot substance would be destroyed or would be ineffective. The latter will 
be the case if the heat capacity of the thermometer is not negligible and 
the region of high temperatures is limited in space and time. When light 
emitted or absorbed by the hot substance is used for the temperature meas¬ 
urement these difficulties do not occur. As there is ordinarily no great 
difficulty in observing the radiation at a great distance from its source, the 
observer is not troubled by too close propinquity to such phenomena as 
explosions, particularly atomic explosions. Optical methods are obviously 
the only ones suitable for astrophysical measurements. 

As there are several papers in this symposium* which deal with details of 
particular cases of high temperatures, we shall confine ourselves to the 
general aspects of the subject. 


General Considerations 


^ All hot substances have in common that they emit and absorb radiation. 

The analysis of this radiation furnishes us with appropriate methods for 

temperature determination and, as we have seen, this is usually the only 
method we can employ. 

We shall first assume that there is thermal equilibrium. Only for such 
cases is a temperature defined. Furthermore we assume that the substance 
is homogeneous through its whole extent. 

When the substance is a gas of relatively low density, the atoms or mole¬ 
cules of which it consists may be assumed not to interact appreciably and 
to behave like free atoms. They will have then sharp energy levels and 
emit or absorb sharp spectrum lines. The number of molecules per unit 
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volume having the energy E n is given by the Maxwell-Boltzmann relation 

iV. = Cg n c~ EJkT (1) 

where <j tl is the degeneracy of the state and C a normalization constant 
which is related to the total number N per unit volume by 

iV = CE, g„c- EJkT (2) 

A slight modification makes it possible to take in also continuously dis¬ 
tributed states for which (1) is replaced by 

N(E ) dE = g(E)e~ ElkT dE (3) 


The measurement of a temperature is then reduced to the measurement 
of distribution over various states. Light is emitted (or absorbed) in a 
transition from E n • to E n » and the intensity of the spectrum line is pro¬ 
portional to N n ' 


In’,,’ = CAn’r’e 


E n ’!kT 



where A„'„» is proportional to the transition probability, which when 
properly defined contains the g n ' and also the factor liv, and C is a constant 
independent of the particular transition, which, however, is usually un¬ 
known. The absolute intensities have rarely any experimental significance 
because, besides the total number of emitting atoms usually being unknown, 
the geometry of the experimental setup may be indeterminate and the 
efficiency of the spectrograph and the receiver unknown. Therefore two 
lines of the same element emitted by two different levels E n > and E m ' are 
compared 

I m'm" _ A m ' m " n -(E m ’-E n ')lkT 
- - ““ t 

In'n” A n 'n” 

log I m — log /„ = log A m — log A n ~ ( E m ' — E n >)/kT (5) 

The transition probabilities A m and A n can either be calculated from the 
known structure of the atom or molecule or can be determined empirically.* 

* The number of reliably known transition probabilities is still relatively small. 
There are cases where they can be obtained from relatively simple calculations as for 
instance the rotational transition probabilities of a band of a diatomic molecule, or 
the electronic transition probabilities for the hydrogen atom. In general, however, 
calculations are too unreliable except when a great effort is made. Relative transition 
probabilities may be measured for any gas for which the statistical distribution is 
known. The simplest cases are those where thermal equilibrium exists and the tem¬ 
perature can be determined, for instance, from lines with known transition proba¬ 
bilities belonging to another substance in thermal equilibrium with the first. 
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It is to be noted that only relative values are required. Equation (4) or (5) 
makes it possible to determine the temperature from spectroscopic intensity 
measurements. 

In the first place Eq. (4) may be used to investigate the existence of 
thermal equilibrium. This may be done by taking as many lines as possible 
and plotting log (// A) for each line as function of the energy of the initial 
state. A straight line must result for equilibrium (see Fig. 1). If there is no 
straight line we are sure that there is no equilibrium. On the other hand 
existence of a straight line is not necessarily proof of equilibrium as there 
may exist an exponential relation such as Eq. (1) for a limited range of 
energies without there being thermal equilibrium. 

If we call J m = I m /A m and R the ratio of this quantity for two lines, Eq. 
(4) gives us 




= Be (Em ~ Bn),kT =Be~ a - } 


A E 
kT' 


In order to see with what accuracy the temperature may be determined 
" lth one line P air "e must see what change dll in the ratio occurs for a 
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change (IT in the temperature and we obtain the relation* 

dR dT 

lt= a T 



If c//?o is the accuracy with which the ratio of the intensities can be deter¬ 
mined experimentally, then Eq. (6) determines a corresponding dT 0 and 
this determines the limit of accuracy for this type of spectroscopic tempera¬ 
ture determination. We see that the relative accuracy of the temperature 
measurements is the same as that of the intensity measurements except for 
the factor a. Under favorable conditions, measurements can be made with 
modern methods to an accuracy of one per cent so that dR 0 /R = 0.01 but 
usually the errors of measurement are considerably larger. 

The considerations so far apply equally well to all temperatures except 
that the value of a = AE/kT must be chosen adequately. Equation (6) 
shows that in order to achieve the greatest accuracy, a should be as large as 
possible. Large a however, because of the small value of the exponential, 
make the line coming from the upper level too weak for observation. This 
can sometimes be counteracted by the choice of a line pair with a large 
ratio of the transition probabilities in favor of the line from the higher level 
(for instance if the line from the lower level is a forbidden line and the one 
from the upper level an allowed one). The most favorable condition for 
high accuracy of the intensity measurements is when the ratio of the in¬ 
tensities is of the order of magnitude one, and the lines fall in the same wave¬ 
length region. 

In the application of Eq. (1) and its consequences it is essential that all 
levels belong to the same state of ionization of the atom or molecule. We 
may expect energy differences of the order of magnitude of ten volts for 
observations in the visible so that we may have a ~ 1 for temperatures up 
to a few hundred thousand degrees. The applicability of this method to 
even higher temperatures is usually limited by other considerations than 
limitation of accuracy because of too small values of a. 


Influence of Absorption in Light Source 

The method so far considered, even when applied to a perfectly homo¬ 
geneous gas, is predicated on the assumption that the intensity of a spectrum 
line is proportional to the number of suitable atoms along the line of sight. 
This is true only for a thin layer of gas. For our considerations thickness is 
determined not by the actual thickness a, but by the optical thickness 
(l = K a where k is the absorption coefficient for the particular frequency. 

* The numerical relations are as follows: If the energies are expressed in electron 
volts, kT is equal to one electron volt for T = 11,606°K. If wave numbers are used, 
kT is equal to one cm -1 for T = 1.4389°K. 
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Foi small thicknesses (d <5C 1) the intensity emitted is proportional to the 
thickness of the layer and the relations developed so far apply. This, how¬ 
ever, is not true for larger thicknesses, as the light from the more remote 
layers is weakened by a factor e~ d . 

When the optical thickness is not infinitesimal but moderate (not <1 » 1), 

corrections may be made for the extent of the weakening. One method of 
doing this is as follows. 


If a group of lines all having upper levels of approximately the same 
energy is considered, the intensities are independent of the temperature 
and proportional to the transition probabilities A. v . These transition 
probabilities can be determined experimentally by measuring the relative 
intensities /„ in any light source of small optical thickness. In a thicker 
source, when the observed intensities are I, the stronger lines will be weak¬ 
ened more than the weaker ones. A plot of log ///„ against /„ will have the 

rrr ^ 2 ' The . homo,>tal P art °f the left represents lines for 
hich the self-absorption is negligible and which may be used safely for 

temperature measurements without correction. For the stronger lines the 
curve gives the correction for the effect of self-absorption. 

, lJ y method | s al 'vays applicable if the spectrum is rich enough in suit- 
mes to make possible the construction of a curve like Fig. 2, and the 
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conclusions drawn from it are independent of whether the simplifying as¬ 
sumptions (homogeneous layer) are satisfied or not. If there are only a 
few lines, it is possible to calculate the shape of Fig. 2, but have the hori¬ 
zontal scale uncertain by a constant amount. This uncertainty can be re¬ 
moved by the measurement of I/h for two lines. This latter procedure, 
however, is sensitive for the exact conditions in the gas and therefore much 
less reliable. 


Planck’s Law and Its Consequences 

We come to the other extreme when we look at a very thick layer. If we 
increase the thickness of the layer, the intensity first increases propor¬ 
tionally, then more slowly, and finally comes to an asymptotic value. Light 
from farther back will not reach the observer at all. L T nder such conditions, 
when we have equilibrium between matter and radiation, the outcoming 
light is entirely governed by Planck’s law and independent of the nature 
of the gas. 



The Planck distribution can be used for the determination of temperature 
in various ways. 

Tcc m „ = = 2.821 • T (8) 

rC 

represents Wien’s displacement law. The integration of Eq. (7) over all 
frequencies represents the Stefan-Boltzmann law 

E = aT* <r = = 5.6685-lO -5 erg cm -2 sec -1 deg -1 (9) 

15c 2 A 3 

where E is the total energy radiated per unit time from the unit surface of 
the substance. Equation (9) may be used for the determination of tempera¬ 
ture if the light source is not a point source. The total energy is measured, 
for instance, by a bolometer. The temperature derived from this is usually 
called the brightness temperature. 

When the loss of light during transmission from the source to the ob¬ 
server is not negligible the brightness temperature measured with a bolom¬ 
eter is lower than the real temperature. If transmission is through the 
normal atmosphere, the absorption characteristics of which are known, cor¬ 
rections may be applied. These corrections become uncertain, however, 
when a large fraction of the light is absorbed or when the atmosphere is 
disturbed and has absorption characteristics different from those of a nor- 

mal atmosphere. 
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It is well known that the normal atmosphere is completely opaque below 
2000 A because of oxygen and nitrogen absorption. It also is virtually 
opaque for large parts of the infrared because of water and, to a lesser 
extent, carbon dioxide absorption. While the air may be considered trans¬ 
parent for the rest of the spectrum for short paths, this is not true when 
longer paths are involved. There the losses due to scattering may be con¬ 
siderable. They must be taken into account even for pure air but they may 
be very large when the air contains much water vapor, smoke, or dust. 

We have the most favorable case for brightness temperatures if the maxi¬ 
mum of the emission curve is in the visible so that only relatively minor 
parts are cut off m the ultraviolet or infrared. If on the other hand the tem¬ 
perature is so high that a large fraction lies in the ultraviolet for which the 
air is opaque no reliable brightness temperatures can be expected. In such 

cases the light transmitted through a limited frequency interval will give 
better results. 

tha?fLf| may bef0 , Und fr0m Planck ’ s la ' v ’ Ec >- (7)- It is well known 

that for large and small values of * simplified expressions hold, 
r or a « l the Rayleigh Jeans law is valid 


T( x , 2vkT , 

I{v) dv = —dv 


( 10 ) 


while for » l we have Wien’s law 


7(v) dv = e -*’/*r 


dv 


( 11 ) 
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Ihis is the same relation between the accuracies of the intensity and tem¬ 
perature measurements as expressed in Eq. (4) for temperatures from line 
intensities. 

If the Rayleigh Jeans law is valid for the long and Wien’s law for the short 
wavelength we have 



and 


(,R ( n dT 

-g- - («* - o T 

Color temperatures have been extensively determined in astrophysical 
applications. They become meaningless if there is considerable selective 
absorption affecting one or both of the wavelengths. If, instead of making 
the measurements at two frequencies only, a Planck curve is fitted over a 
large frequency interval, some information is obtained on how well Planck’s 
law fits the observed intensities. Deviations may be due to either of two 
causes. (1) The source may not emit black-body radiation, that is, not fulfill 
the simplifying conditions postulated for our considerations. (2) There may 
be selective absorption. Ihis may be due to the normal atmosphere when it 
can sometimes be corrected for. In other cases there may be absorbing 
matter of unknown properties close to the light source. We have this situa¬ 
tion in explosions when the explosion gases which are often nonstable prod¬ 
ucts may have considerable absorption. 

Usually both these causes contributing to deviations from a black-body 
distribution will be present simultaneously. 

Line Absorption Spectra 

When a gas layer is neither optically very thin nor very thick a more 
detailed analysis must be made. There often occur cases for which the gas 
layer is optically thin everywhere, except in a few lines (e.g., Bunsen flame 
with Na). Then these lines show the luminosity of a black body. If a black 
body is compared with this flame by being placed behind it, it will appear 
darker than the line when it is cooler than the flame and brighter than the 
line when it is hotter. The line appears there as a bright or dark line respec¬ 
tively. W hen the temperature is the same the line disappears (reversal 
method). 

Doppler Broadening 

The thermal agitation in a gas produces a line broadening and the line 
half-width due to this broadening is proportional to \/ T/m, where m is 
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the atomic weight of the element. For high temperatures and not too heavy 

atoms, the half-width should be easily measurable; therefore Doppler 

broadening should give a suitable method for temperature measurement 

which would be particularly welcome as it would measure directly the 

translational temperature which cannot be directly determined spectro¬ 
scopically in any other way. 

Unfortunately for this purpose there is the fact that spectrum lines are 
broadened by other causes (collision broadening, internal Stark effects, etc.). 

lerefore, when Doppler broadening is to be used for temperature measure¬ 
ments, a careful analysis must be made first to determine whether other 
causes or broadening are present. For most light sources, unfortunately 
one will find that broadening due to other causes far overshadows the 
opp er broadening. This makes temperature measurements based on the 
oppler width impossible. The most favorable cases for the Doppler 

aTd at a r ! u ? ere ^ ^ ,0 "' P r “’ the temperature is high, 

and a fairly light element is used. & 

Ionization Equilibrium 

it w°ol?t ng ? m 7 f the difficulties for the optical methods outlined above 
it uould be advantageous to have other, nonoptical, methods for the 

: of high temperatures. The degree of ionization in a gas is 

definitely a function of temperature and thus might be used in principle for 
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and density gradients. The situation most often encountered is that the 
temperature is highest inside the substance and decreases toward the outside 
and the observer. The latter records, then, all the light coming from various 
distances along his line of sight. Only rarely will it be possible to separate 
portions originating at different distances. The results will express there¬ 
fore some kind of average over the various temperatures existing along the 
line of sight. Moreover the light coming from the more distant hotter por¬ 
tions will be modified by absorption and scattering during its passage 
through the nearer and cooler parts. 

The analysis of this situation is much more complicated though by no 
means hopeless. The astrophysicists have made some significant contribu¬ 
tions by considering in detail the mechanism by which radiation propagates 
itself through a hot substance and finally emerges to the outside. In such 
cases the assumption of thermal equilibrium may have to be dropped. 

A particularly simple case is when the light coming from a hot body of 
considerable optical depth and thus having a Planck distribution passes 
through a relatively thin cooler layer. We have then a continuous emission 
background with superimposed absorption lines such as we find in the spec¬ 
trum of the sun and most other stars. In this simplified case the intensity 
distribution in the continuous background gives the color temperature of 
the deeper layer whereas the intensities of the absorption spectrum furnish 
the temperature of the absorbing outer layer. 

When the temperature of a gas becomes so high that the number of free 
electrons becomes high, the absorption takes place in the continuous 
spectrum and the opacity may be very high. It will then be impossible to 
look far into the gas and therefore impossible to obtain any direct informa¬ 
tion about the interior of the gas. 

The opacity will be highest near the maximum of the Planck curve. Far 
away from the maximum the absorption will be much less and it will there¬ 
fore be possible to receive light from greater depths. The analysis of this 
light will then indicate a higher temperature than the light near the maxi¬ 


mum. 

These few remarks show that only a very careful analysis will make it 
possible to obtain significant results about the temperature distribution in a 
substance at high temperatures. Even in the favorable cases we shall ob¬ 
tain information only about the outer layers. What the situation is in the 
center of a star, an atomic explosion, or a shock wave cannot be obtained 
from direct spectroscopic observations as no light reaches us from these 
parts. 


Nonequilibrium Conditions 

In conclusion a few words should be said about the case in which no 
thermal equilibrium exists even in first approximation. Then the concept of 
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temperature loses is meaning. When, nevertheless, an observer goes through 
the motion of measuring the temperature by any of the methods discussed 
above he will obtain a value for the temperature but this value in general 
will depend strongly on the particular method used for its determination. 
Actually the word temperature should be avoided for such cases. 

The nonequilibrium cases really present a much more interesting situa¬ 
tion than the equilibrium cases. When thermal equilibrium is reached all 
traces of the mechanism by which energy was transferred to the gas have 
disappeared. If we can, however, study nonequilibrium cases, where it is 
impossible to define a temperature, we may expect to learn much more of 
interest concerning the processes in the gas. 

An equilibrium distribution is established by collisions. Therefore, we 
may expect to find the largest deviations from equilibrium at low pressures 
when collisions are few and if we can make the observations within a very 
short time after the reaction has taken place. The reaction will excite the 
individual atoms and the energy transfer will result in excited atoms or 
molecules distributed over the various possible stationary states. They 
will emit light usually within a period of the order of magnitude of 10 -8 
second. Whether we observe equilibrium or not will depend therefore on 
whether many effective collisions can take place within this time interval. 

It is not difficult to find examples where there is no semblance of an equi¬ 
librium. A very effective way for studying this is the plot of log I/A against 
E. As the variety of energy states is greater for molecules than for atoms 
there are more interesting cases obtained from the study of molecular spec¬ 
tra. 

One may find sometimes that there is no equilibrium but that certain 
degrees of freedom have an equilibrium distribution. One may speak then, if 
one wishes, of a rotational temperature, or of vibrational, electronic, trans¬ 
lational temperatures. The rotational temperature may be room tempera¬ 
ture, for instance, while the vibrational temperature may be 10,000°K. 

Figure 3 shows the log I/A plot of the light emitted by the OH radicals 
in a discharge in water vapor at low pressures. If there were equilibrium all 
points should lie on a straight line. The figure shows that this condition is 
not even approximately fulfilled. The higher the pressure is at which the 
experiment is carried out, the more will the plot indicate approach to ther¬ 
mal equilibrium. 
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One of the most attractive aspects of astrophysics is the large range of 

phj'sieal conditions that it covers. In no domain is the range more striking 

than in that of temperature, which is studied from the near-zero values of 

interstellar space to the 10 9 degrees* envisaged in stellar interiors. 

Most of the data of astrophysics come directly or indirectly from studies 

of spectra, and thus the astrophysical concept of temperature is related to 

spectroscopic phenomena. In a broad way we may divide the concepts into 

three groups: those associated with the continuous spectrum, and related 

to the Planck law; those associated with line and band spectra, and related 

to spectroscopic theory; and those associated with the kinetic theory It 

often happens that very different temperatures are found from the study 

of the same object from different standpoints. Astrophysicists thus define 

number of temperatures,” which must be understood in terms of 
the process used to define them. 

th™ 6 sub i ect matter of astrophysics may also be divided broadly into 
three areas: ste lar surfaces and envelopes, stellar interiors, and interstellar 
atter. We shall treat these areas successively. The study of the terrestrial 

c\ml Tf 161 ?’ I S r bjeCt thSt b ° rderS d ° Sely 0n ^trophysics, cannot be in- 

« SISSSSST' “ lroph, “ a '* h ** h “ “ 

Stellar Surfaces and Envelopes 

Temperatures given in this paper are expressed in degrees Kelvin. 
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wavelength of maximum energy; integration of the Planck formula leads to 
the Stefan-Eoltzmann law, with a linear relationship between the energy 
radiated per unit area and the fourth power of the absolute temperature. 
If the stars could be regarded as black-body radiators, and if the appropri¬ 
ate quantities could be measured, their absolute temperatures would be 
determinate. But, even apart from the justification of the assumption of 
blackness, the necessary measures are extremely difficult to make. Absorp¬ 
tion in the earth’s atmosphere (which is not only a function of wavelength, 
but is also variable with time and from place to place) distorts the spectral 
energy distribution and the wavelength of maximum energy, and cuts down 
the total energy received. Direct application of the Planck formula has been 
made for relatively few stars, notably the sun. The Wien law is of very 
limited application; for the sun (temperature near 5000°K) the wavelength 
of maximum energy is in the readily observable range, but for the reddest 
stars it lies near 200,000 A; the bluest and hottest stars are even more diffi¬ 
cult of access, for their maxima lie in the ultraviolet, and the atmosphere of 
the earth imposes its formidable ozone barrier at about 2900 A. Rocket 
techniques have extended the observable solar spectrum with low disper¬ 
sion to near 2000 A, but stars have not yet been studied at these wave¬ 
lengths. The belief that some stars have superficial temperatures as great as 
ten times that of the sun’s surface must repose on quite a different approach. 

In spite of these grave practical limitations, and the untenability of the 
assumption that the stars radiate like black bodies, the Planck and Stefan- 
Boltzmann relations have given approximate results surprisingly near to 
those obtained by more refined methods. 

Temperature defined by means of the Planck formula is known as the 
color temperature of a star. For many stars this quantity is approached 
by way of the color index , the difference photographic minus visual magni¬ 
tude.* The photographic magnitude represents the integration of stellar 
light intensity, transmission of atmosphere and instrument, and sensitivity 
of the blue photographic plate, over the relevant range of wavelength. In 
visual magnitudes (originally used to define the scale of colors), the sensi¬ 
tivity of the observer’s eye replaces that of the plate. The photovisual scale 
involves the combined sensitivity and transmission of a suitably chosen 
combination of plate and filter, designed to simulate the sensitivity of the 
eye; and other magnitudes can be similarly defined. All such systems of 
magnitude require calibration if results better than empirical are required. 

* Stellar magnitudes are expressed on a logarithmic scale, such that a difference of 
five magnitudes corresponds to a brightness ratio of 100, and magnitudes of brighter 
stars are algebraically smaller than those of fainter stars. We mention these defini¬ 
tions for historical reasons. Precise modern determinations of color index are made 
photoelectrieally with suitable cells and filters, and the definitions are suitably modi¬ 
fied to conform to cell sensitivity and filter transmission. 
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Main Sequence 

BO 

B5 

AO 

A5 

FO 


Table 1. 

Color Temp. 

23,000° 

15,000 

11,200 

8,600 

7,400 


Color Temperatures of Stars 


Main Sequence Color Temp. 

F5 6.500° 


Giant Stars Color Temp. 


GO 

G5 

K0 

Iv5 


6,500 

6,000 

5,600 

5,100 

4,400 


GO 

Go 

ICO 

IC5 


5,500 
4,700 
4,100 
3,300 


A simple derivation of color temperature from observed color index is de¬ 
scribed by Russell, Dugan, and Stewart (1927). On the assumption that 
the stars radiate like black bodies, and that photographic and visual mag- 
mtudes may be regarded as monochromatic, with a suitably averaged 
effective wavelength,they deduce from the Planck law the expression: 

Mx = 2.5 log (L 0 AV47 tc) - 5 log R -f- 1.560/X7 1 -f- 2.5 log (1 - lO~°- 6240/Xr ), 
TnnT M X iS > the r° n °; hr0matiC absolute ma S nitllde of a Star, L 0 a constant 

applicable to a star of zero magnitude, R the stellar radius, T the absolute 
temperature, and X the wavelength concerned. The effective wavelengths 
for any given pair of magnitude systems are calibrated empirically. The 
resulting temperatures for representative stellar types are shown in Table 1 

cause fV'l 05 ?! SP r C * tra t"' molecular absorption bands are omitted, be- 

tuaHv an start 2 ? SPeCtn ' m “ “ ° bvi ° us manner ‘ However, vir- 
ual y all stars display line spectra, which also vitiate the results to a 

sma ler extent by their distortion of the observed continuum However 

here are more important causes of departure from black-body distribution’ 

as described, compares tL intenttv 7 to ° hl S h - The method, 

and leads to a unique value of the / ° ! s P ect ™ni at f"' 0 wavelengths 

lengths are "' hen 0ther P^ of wave- 

in the next section ^Perature may result, as will appear 

sst 1 x ? ,wo p ” 1 *' “* «*-<«» 

continuum. The method hi Bp. , whole C0Urse of the observable 

lengths have spanned the region^OOMOOO' A ? T*' Wave ~ 

by ““ P1 ““ k '«-*■ *■<>« 

“ h *" — - -...... „„ i 
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presupposes black-body radiation. Gradient is defined as: 

* = % a - 

and Gab , the relative gradient of two stars, .4 and B , is given by 

<t>(T A ) — <p(T B ) c 2 ^ 

where T A ,T D are the absolute temperatures of the two stars, if neither 
temperature approaches 10 5 . The actual energy distribution is measured 
(with reference to a laboratory standard of known energy distribution) for 
a few stars that are to be used as standards. The full effect of the earth’s 
atmosphere enters into these standardizations, which have proved so diffi¬ 
cult that investigators have not reached identical results; see, for example, 
Greaves, Davidson, and Martin (1934); Kienle, Strassl, and Wempe (1938) ; 
Williams (1939); Greaves (1948). 

The large number of relative gradients that have been derived have not, 
in general, shown any great deviation from the nearly linear function of 
1/X that is to be expected if the assumptions are justified. However, the 
results of Barbier and Chalonge and their collaborators (1941) have shown 
that the relative gradient (and therefore the color temperature) always 
changes appreciably at the limit of the Balmer series. Higher temperatures 
are derived for wavelength 4250 than for 3500. Moreover, the difference of 
temperature is found to be much greater, at a given spectral class, for a 
low-luminosity star than for a supergiant; it is largest for hot stars but can 
also be found for the coolest. Representative results are shown in Table 2. 

Table 2. Color Temperatures of Stars from Spectrophotometric 

Gradients 


Main Sequece 

<> 3500A 

Color Temp. 3500A 

<t> 4250A 

Color Temp. 4250A 

Oc5 

0.62 

29,000° 

0.57 

52,000° 

BO 

0.78 

20,000 

0.78 

28,000 

B5 

1.02 

15,000 

0.93 

18,000 

AO 

1.39 

10,500 

1.00 

16,500 

A 5 

1.53 

9,500 

1.36 

11,000 

F0 

1.74 

8,300 

1.70 

8,600 

F5 

1.81 

8,000 

2.01 

7,200 

GO 

2.36 

6,100 

2.56 

5,750 

Giant Stars 

F5 

1.84 

7,800 

2.01 

7,200 

GO 

2.82 

5,050 

3.08 

4,650 

G5 

K0 

3.26 

4,400 

3.20 

3.86 

4,500 

3,750 

K5 

3.73 

3,800 

5.40 

2,650 
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Table 3. Optical Depth and Temperature in the Solar Atmosphere 


Optical Depth* 

de Jager 
(1952) 

Pierce and Aller 
(1951) 

ten Bruggencate 
et al. (1950) 

Newkirk 

(1953) 

0.00 

— 

— 

■— 

4487 

0.01 

4700 

4600 

4620 

— 

0.02 

4820 

4700 

4790 

■—- 

0.04 

4800 

4810 

4980 

— 

0.05 

— 

— 


4825 

o.os 

5040 

5000 

5230 

-- 

0.10 

5100 

5100 

5320 

5032 

0.20 

5350 

5400 

5380 

5324 

0.40 

5750 

5770 

5620 

5693 

0.60 

6010 

6060 

— 

5928 

1.00 

6410 

6460 

-- 

6217 

1.40 

6730 

6760 

_ 


1.50 

— 

— 

— 

6424 

1.80 

6990 

7050 


_ 


• Reduced to optical depth at 5000 A. 


The spectrophotometric gradient represents a refinement of the crude 
approach to color temperature by way of color index, but it reposes on the 
same assumptions: black-body radiation from a uniform surface The gen¬ 
eral similarity of the results for 4250 A with those of Table 1 is therefore 
not surprising. The higher values for most of the temperatures in Table 2 
are a result of difficulties in determination of “effective wavelengths” for 
the method of color indices, and of the calibration of the standard stars for 
the spectrophotometric gradients. 


The change of gradient as we cross the Balmer limit shows that the as- 
sumptmn is not justified. It also suggests the source of the discrepancy, for 
the break occurs at the wavelength where the continuous absorption sets in 
eyond the series limit. The greater absorption prevents us from seeing so 
deeply into the stellar atmosphere, and the observed radiation accordingly 
comes from higher layers JThus we abandon the simple idea of a star that 
radiates from a single surface characterized by a single temperature and 
envisage an envelope into which we see to different depths, and therefore 
to layers of differing temperature, at different wavelengths. 

Evidence that this is the case is furnished from another side by the well 
known darkening of the solar disc towards its edge; this solar limb darken 
g is greatest m the ultraviolet, changes abruptly at the Balmer limit and 

n the ^ t0Ward the infrared at "'avelengths over 100 L1 

change of solar limb darkening with wavelength a„ b e Ts e d 2 
perature to optical depth in the solar atmosphere (Table 3) 

The temperatures of Table 3 are brightness temperatures (defined as the 
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temperature of a black body that would radiate the same amount of energy 
per unit area at the wavelength considered). Optical depth is defined by 

/ k\p fix, where /.•„ is the mass absorption coefficient and p the density. 

Jo 

In order to interpret the observed distribution of energy in a stellar con¬ 
tinuum, it thus becomes necessary to investigate the absorption coefficient 
as a function of wavelength. The continuous absorption coefficient is com¬ 
pounded of the continuous absorptions of all the atoms present in the 
stellar envelope, and also the contribution of scattering by free electrons. 
Among the atomic constituents, hydrogen is the most abundant and there¬ 
fore the most important contributor for most stars. For the cooler stars the 
negative hydrogen ion, H~, plays the major role; for stars above 10,000° 
the continua of atomic hydrogen become important, and for still hotter 
stars, the continua of neutral helium. For the very highest temperatures 
(near 50,000°) ionized helium is important in the far ultraviolet, and even 
a moderate admixture of metals begins to be important for short wave¬ 
lengths at these temperatures. The detailed composition of the atmosphere 
and the electron density are necessary data. Fortunately the composition 
of the atmospheres of stars has been found to be surprisingly uniform. 
Calculations of this nature have successfully reproduced the energy distri¬ 
bution observed in stellar spectra, and have quantitatively predicted the 
size of the discontinuity at the Balmer limit, as shown by Chandrasekhar 
and Munch (1946). Detailed calculations of the dependence of absorption 
coefficient on wavelength, for a single adopted composition and a variety 
of electron pressures, are given by Vitense (1951). 

This sophisticated approach to color temperature, however, shows that 
we cannot assign a color temperature to a star. Color temperatures will, in 
general, differ with wavelength. They will, moreover, not coincide with the 
temperatures deduced from the total energy radiated per unit area, deduced 
from the Stefan-Boltzmann law, and known as effective temperatures. If our 
original, crude picture of the stellar surface as a black body were tenable, 
color temperature and effective temperature would be identical. That effec¬ 
tive temperatures tend to be higher than color temperatures is an accident 
of the part of the spectrum usually accessible to observation. However, the 
calculations just described permit us to pass from the color temperature 
measured at a given wavelength to the effective temperature, provided that 
the electron pressure is known; and the agreement with observation, for the 
few stars for which all these quantities can be determined, is satisfactory, 
as is shown by Chandrasekhar and Munch (1946). 

The data in Table 4 are taken from the compilation by Kuiper (1938), 
except for the hottest stars which are added from work by Petrie (1948) 
that depends partly on ionization theory and therefore belongs properly in 
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Table 4. Effective Temperatures of Stars 

Main Sequence Effective Temperature 


05 

36,300 

B0 

2S,600 

B5 

15,500 

A0 

10,700 

A5 

8,530 

F0 

7,500 

F5 

6,470 

GO 

6,000 

G5 

5,360 

K0 

4,910 

K5 

3,900 

M2 

3,200 

M6 


Giant Stars Effective Temperature 


GO 

5,200 

G5 

4,620 

K0 

4,230 

K5 

3,580 

M2 

3,200 

M6 

2,750 


the next section. The values for the coolest stars are vitiated by band ab¬ 
sorption; radiometric measures, which are more reliable at such tempera¬ 
tures, lead to the lower value of about 2350° for giant stars of Class M6 
Hie extent to which band absorption falsifies the colors of low-temperature 
stars is illustrated by the red carbon star Y Canum Yenaticorum; a naive 
determination of its temperature from its color index would lead to a tem¬ 
perature of 1 50 ; the true temperature is probably nearer 2000°. 

One group of stars, whose dimensions are well known, and whose total 

energy output, though not directly observed (for it musi be corrected for 

the contribution of the unobservable portion of the spectrum) is rather well 

etennmed, comprises the eclipsing binaries. Table 5 is condensed from a 
summary by S. Gaposchkin (1940). m a 

The general features of the energy distribution of the sun the star that 
is observable in the greatest detail, can be satisfactorily reproduced on the 
'mes ins described, but there are still unexplained feature, " 

tensity Of STT?"" “* . W ; velen * th " near 2200 A indicate that the in¬ 
tensity of the continuum is lower than would be expected from that 


Table 5. Effective Temperatures 

Main Sequence Effective Temperature 


07 

B0 

B2 

B5 

A0 

A5 

F0 

F5 


28,750° 

21.390 
18,630 
14,490 
10,520 

8.390 
7,300 
6,210 


from Eclipsing Stars 


Main Sequence 

GO 

G5 

K0 

K5 

M0 

Ml 

M2 


Effective Temperature 

5,750° 

5,160 

4,650 

4,050 

3,890 

3,850 

3,735 
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Table 6. Brightness Temperatures of the Quiet Sun 

Frequency 24,000 10,000 3,000 1,200 600 200 

(Mc/sec) 

Effective T 10,000° 20,000 50,000 200,000 500,000 1,000,000 

near 4900°, as measured by Durand, Oberly, and Tousey (1949). This low 
temperature is considered by Bell (1951) to be a result of the contribution 
of line absorption to the general opacity, and probably represents an ap¬ 
proximation to the boundary temperature of the sun. Reference to Table 9 
shows that this boundary temperature is near to the excitation temperature 
deduced from the line spectrum of the sun. 

Study of the intensity of solar radiation in the microwave region leads to 
determinations of effective temperature, which is found to depend on the 
frequency, as shown in Table 6, given by Davies (1954). The effective 
temperature (strictly a brightness temperature) is freed from the component 
that varies in the 27-day cycle of solar rotation (attributed to the disturbed 
sunspot area) and thus applies to the “quiet sun.” It is calculated for an 
emitter of the size of the sun’s optical disc. 

Near 200 Mc/sec, where the corona is optically thick, so that the ob¬ 
served radiation comes entirely from the coronal levels, and at optical 
wavelengths (at which the radiation comes from the relevant depth in the 
photosphere), limb darkening is observed, as already mentioned. At inter¬ 
mediate frequencies, the interplay of the two sources produces limb bright¬ 
ening, which is observed in qualitative accordance with prediction. The 
brightness temperatures of Table 6 fit satisfactorily into the picture pre¬ 
sented by Table 19. 

Before we leave the subject of temperatures derived from the intensity 
distribution of the continuum, mention should be made of a method that 
involves the color temperature, though the data are derived from line 
spectra. Originally developed by Menzel (1926) and Zanstra (1931), it 
applies to a thick hydrogen nebula that surrounds a hot star and is excited 
by it. Each quantum of stellar ultraviolet radiation gives rise to one quan¬ 
tum of Lyman radiation and one of Balmer radiation. The number of 
quanta emitted in Balmer radiation may be determined from photometry 
of the bright hydrogen lines in the spectrum of a planetary nebula, and 
thus the intensity of the Lyman radiation, and the intensity of the radiation 
of the exciting star in the far ultraviolet, are deduced. When this intensity 
in the far ultraviolet is compared with the measured intensity of the stellar 
continuum in the observable region, the temperature of the exciting star 
can be determined, if black-body radiation is assumed. The temperature so 
deduced is a lower limit. 

A number of variations on this general theme have been used to obtain 
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the temperatures of the nuclei of planetary nebulae—some of the highest 
encountered in astrophysics. Zanstra (1931) applied four methods: he used 
the ratios of lines of hydrogen, helium, and ionized helium, and of the for¬ 
bidden lines, to the intensity of the nuclear spectrum. He called attention 
to the less accurate results that can be obtained by comparing the total 
brightness of the nebula in the observable region to that of the nuclear 
star m the same region. The ratio of intensity of nebular He II to hydrogen 
was similarly used by Ambarzumian (1932); Stoy (1933) compared the 
nebular forbidden lines with the hydrogen; Wurm (1949) compared the 
intensity of the Balmer continuum with the nuclear spectrum at the same 
wavelength. The colors of nuclear stars, unlike the other methods, lead to 
relatively low temperatures, but obscuration may affect them in an un¬ 
known way, and for hot stars, temperature is insensitive to color. 

Results for a few of the many nebulae to which the method has been 
applied are given m Table 7. The temperatures determined by Aller (1943) 

w y St 7’? meth0d - Th0Se by Pa S e ^950) are by the method 
escribed by Wurm (1949). The two final lines of the table anticipate an¬ 
other type of temperature, and tabulate the (kinetic) electron temperatures 

lltTZ y *?*• Aller ’ and Hebb (,941) ' and also those by Page 
f n •’ ' l '°„" Sed the ratl ° o{ the Balmer continuum to the Balmer lines 

“Sf 1936) - ^ Vorontsov: 

NGcS^ ^ arr M g u d , in ° rdei ' ° f tem P crature of the nuclear star. 
hnVwl ’ the ; Rmg Nebula in L y™’" bas for its central star one of the 

mmn wT' EVen h ° Mer ° bject is the nucleus ° f the “Crab Nebula ” 
remnant of the supernova of a.d. 1054, for which Minkowski (1942) derives 

TW 7. Menzel-Zanstha Temperatures for Nuclei of Plasetart 
- Nebulae 


Method 


+30° 

3639 


H cm/nuc. 

He IJ/nuc. 

Forb./nuc. 

Neb.-star 
He II/H 


Forb./H I 15,000' 
Bal.cont/nuc. | — 

Electron T 
Electron T 


NGC 

40 


ICji4997 


21 , 000 * 


35,000° 


17,000° 

8,000* | 27,000* 


* Corrected for contamination of nebular 


NGC 6543 

NGC 

NGC 

NGC 

NGC 



6572 

7009 

7662 

6720 

Reference 

39,000° 

40,000° 

55,000° 

— 

- . 

Zanstra 

— 

-— 

70,000* 

— 

— 

(1931) 

Zanstra 

37,000* 

38,000° 

60,000* 

—- 

— 

(1931) 

Zanstra 

40,000* 

41,000° 

— 

78,000° 


(1931) 



115,000° 

— 

— 

Ambar- 






sumian 

47,000* 

_ 




(1932) 

50,000°* 



Elf AAAQ. 

'-■ 

Aller (1943) 

6,000* 

6,000° 

0,200° 

9,500* 

55,000 * 
10,300* 
10,000“ 

120,000°° 

7,000° 

Page (I960) 


continuum. 
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(essentially from Xeb.-star) a temperature of 500,000°; the electron tem¬ 
perature is 50,000°. The continuum (which emits most of the light in the 
photographed region) shows large deviation from black-body distribution: 
the color temperature determined at 4500 A would be S400°, at 6000 A it 
would be 6700°. Such a distribution in the continuum of a nebula (not a 
star) is produced, according to Minkowski, by free-bound and free-free 
electron transitions—a case quite different from that of any continuum we 
have hitherto described. 

^ hen applied to planetary nebulae, the Menzel-Zanstra method prob¬ 
ably leads to (color) temperatures of the right order, although we do not 
know how far the ultraviolet nuclear spectra have the energy-distribution 
of black bodies. The same principle has been applied to the Wolf-Rayet 
stars by Beals (1934, 1940); in this case the physical justification is less 
certain, for the information derived from eclipsing Wolf-Rayet stars indi¬ 
cates that the envelope that produces the bright lines cannot have a radius 
more than two or three times the stellar radius, and therefore the great 
dilution of radiation required by the application cannot obtain, as pointed 
out by Zanstra and W eenen (1950). The temperatures deduced by Beals 
range from 85,000' to 110.000'. We shall return to the Wolf-Rayet stars 
later in discussing excitation and ionization temperatures; these objects 
show an enormous discrepancy between “temperatures” of different types. 

Menzel-Zanstra temperatures have been derived by Aller (1953) for three 

of the most remarkable stars known, which combine late-type absorption 

spectra (corresponding to a temperature of 3000° to 4000°) with high- 

excitation bright-line spectra with forbidden lines. Whether the high- and 

low-temperature spectra emanate from the same object is one of the current 

puzzles of astrophysics. The temperatures are summarized in Table 8; all 

three stars van' cyclically in brightness and undergo outbursts that recall 
those of novae. 

I he application of the present method to the spectra of novae would lead 
to extremely high temperatures; Beals (1932) estimates a temperature of 
64,500° lor Xova Aquilae 1918. However, it is very doubtful whether the 
necessary conditions are fulfilled in the extremely disturbed neighborhood 
of a nova outburst. Other novae would yield temperatures equally high or 
higher. 

Table 8. Menzel-Zanstra Temperatures for Variable Stars with 

Combination Spectra 

^ ltar BF Cygni Z Andromedac Cl Cygni 

Temperature from H 23,000 to 34,000° >28,000° 60,000° 

from He II — 90,000° 130,000° 

Electron temperature 7,500° to 11,500° 8,500° to 10,500° 18,000° 
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Line and Band Spectra. Virtually all astrophysical objects display 
identifiable atomic or molecular spectra, usually absorptions superimposed 
on a continuum, less commonly emissions. A few puzzling objects (such as 
ex-novae) show no observable spectral features, and the luminous super- 
novae (Type I) display spectra that have hitherto defied identification. Line 
spectra may be used to define excitation and ionization temperatures. 

The excitation tejnperature postulates thermal equilibrium, and rests on 
the Boltzmann formula: 


Nb/Na = (Jb/cja • e 


~XAB 


IkT 


where N u ,N A are the numbers of atoms in an upper and lower state, re¬ 
spectively, g B ,Qa are the statistical weights of the states, defined by 
0 — 27+1, where ./ is the inner quantum number; \ab is the energy 
difference between the states. 

A determination of excitation temperature requires the determination of 
and N b ; or in practice, of as large a number as possible of values of 
N y corresponding to a variety of values of x; the relationship between N 
and x defines the excitation temperature. In determining the values of N 
from observed intensities of spectrum lines, recourse must be had to the 
curve of growth. The intensity of a stellar absorption line depends on many 
factors, of which the number of contributing atoms is only one. Radiation 
damping, collision damping, and thermal Doppler effect are normally pres¬ 
ent; in addition certain lines may display Stark effect, Zeeman effect, or 
broadening due to hyperfine structure. Small-scale turbulence may in cer¬ 
tain circumstances simulate a Doppler effect. All these causes modify the 
profile of a spectrum line and may accordingly affect its total intensity. For 
small numbers of atoms the intensity is directly proportional to the number 
of effective atoms; the curve begins to flatten at a point determined by the 
damping, and for large numbers of atoms the intensity becomes propor¬ 
tional to the square root of their number. 


The form of the line profiles, and therefore the shape of the curve of 
growth, depend on the assumed atmospheric model. To select the curve of 
growth appropriate to a particular problem it is necessary to decide upon 

the atmospheric model, the damping coefficient, and the temperature • the 

atter not only defines the curve of growth but also enters by affecting the 
Doppler broadening. If a correct choice has been made, the intensities of 
lines of any one atom should conform to the curve of growth; values of 

*™ d "» “ d "**> *° 


ExcUati 0 ” tmpe^tures for four typical stars, as determined by Wri K ht 
(1948) are shown in Table 9. Values derived from different atoms d l.! 
somewhat. We note that these excitation temperatures ” WrThante 
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Table 9. Excitation Temperatures for Four Stars 


Atom 

Sun G5V 
(Main Seq.) 

Alpha Canis 
Minoris F5 IV 
(Subgiant) 

Gamma Cygni 
F8 la 

(Supergiant) 

Alpha Persei 
FS la 

(Supergiant) 

Na I 

4325° 

5125° 

4750° 

4175° 

Mg I 

4775 

5175 

4525 

5275 

Si I 

4775 

5175 

4975 

5425 

Ca I 

4500 


4700 

5175 

Ti I 

4675 


5025 

6100 

V I 

5400 

6125 

5175 

5075 

Cr I 

4600 

4600 

4825 

5025 

Mn I 

4850 

4400 

4625 

4500 

Fe I 

5025 

5125 

4900 

5350 

Ni I 

4625 

4S25 

4375 

4525 

Mean, neutral atoms 

4825 

5000 

4900 

5250 

Sc II 

5300 

10600 

7525 

8375 

Ti II 

4875 

5050 

5550 

5100 

Cr II 

4025 

4725 

11850 

6675 

Fe II 

4800 

4950 

3875 

4725 

Mean, singly ionized atoms 

4900 

5025 

4925 

5000 

Effective T 

5725 

6725 

5500 

6325 


color temperatures of Tables 1 and 2 and the effective temperatures of 
Table 4. 

Analogous methods may be used to derive temperatures from the com¬ 
ponents of molecular absorption bands. Table 10 gives the “vibrational” 
temperatures derived by McKellar and Buscome (1948) for three carbon 
stars from the bands of CN, CH, and C 2 . 

In a similar way the “degenerate” CN bands that give sharp interstellar 
lines have been used by McKellar (1941) to obtain the “rotational” tem¬ 
perature of 2.3° for interstellar space. “Rotational” temperatures for sun¬ 
spots will be found in Table 19. 

From the lowest temperature spectroscopically measured in astrophysics 
we turn to the high temperatures that have been derived for the Wolf- 
Rayet stars. Aller (1943) assumed that the necessary conditions were ful¬ 
filled, and determined excitation temperatures for a number of Wolf-Rayet 


Table 10. Vibrational Temperatures for Carbon Stars 


Star 

Vibrational T 
Color T (Kuiper scale) 


HD 76396 156074 182040 

3900° 4700° 6200° 

— 5100 5700 
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Table 11. Excitation Temperatures of Wolf-Rayet Stars (Carbon 

Sequence) 


Atom 

B.D. + 43° 3571 

B.D. + 35° 4013 

B.D. + 36° 3956 

He II 

18,000 

— 

— 

C III 

23,000 

28,000 

22,000 

C IV 

40,000 

60,000 

45,000 

O III 

2S.000 

30,000 

— 

O IV 

70,000 

75,000 

— 

O V 

SO,000 

200,000? 

70,000 

Beals 

110,000 

90,000 

90,000 


stars from the intensities of their bright lines. These stars display a large 
range of ionization (three successive stages of oxygen are present in some 
of them). Aller compared selected pairs of lines with considerable energy 
differences, and obtained the results shown in Tables 11 and 12. The 
Menzel-Zanstra temperatures derived by Beals, mentioned in the previous 
section, are added for comparison. 

The excitation temperatures are nearly all below the limiting value de¬ 
termined by Beals; both methods conspire to give very high temperatures 
for these stars, but the relation between excitation temperature and degree 
of ionization suggests that the necessary condition of thermal equilibrium 
is not fulfilled. Weenen (1950), discussing the same material and using all 
available lines at once, rather than pairs, obtains the excitation tempera¬ 
tures of Table 13. 

The negative temperature deduced for helium makes it seem that the 
Wolf-Rayet stars do not fulfil the conditions necessary for the determi¬ 
nation of an excitation temperature. Weenen considers, however, that an 
ionization temperature (see below) of about 80,000° is compatible with the 
spectra, in good agreement with the temperatures derived by Beals. 

Other approaches to the temperatures of Wolf-Rayet stars, however, 
lead to far different results, and emphasize that our physical understanding 
of these objects is quite unsatisfactory. Petrie (1948) determined spectro¬ 
photometry gradients, and deduced temperatures for Wolf-Rayet stars of 
19,000° zh 6200° on the Greenwich scale; despite the large uncertainty this 
temperature is quite incompatible with one of 80,000° or 90,000°. 
Vorontsov-Velyaminov (1945) deduced the even lower value of 13,250° for 


Table 12. Excitation Temperatures of Wolf-Rayet Stars 

Sequence) 


Atom 

B.D. + 36° 3987 

B.D. + 35® 4001 

B.D. + 38® 4010 

He II 

36,000 

44,000 

10,000? 

N III 

40,000 

40,000 

55,000 

N IV 

— 

75,000 


Beals 

95,000 

85,000 



(Nitrogen 


B.D. + 37° 3821 

23,000 

27,000 

130,000 

95,000 
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Table 13. Excitation Temperatures for Wolf-Rayet Stars 


Atom 

B.D. + 35° -101.1 

B.D. + 36° 3956 

B.D. + 43° 3571 

C III 

30,000 

30,000 

30,000 

C IV 

99,000 

60,000 

60,000 

He II 

-21,000 

-45,000 

-16,300 


the mean color temperature of six Wolf-Rayet stars. The eclipsing system 
V 444 Cygni leads to a temperature of about 13,000° from the surface 
brightness of the Wolf-Rayet component, as pointed out by S. Gaposchkin 
(1941). It seems certain that a determination of the temperature of a 
Wolf-Rayet star by conventional methods has no physical meaning. Al¬ 
ternative interpretations of the Wolf-Rayet phenomenon are discussed by 
Johnson (1954). 

The determination of ionization temperatures rests on an application of 
the Saha formula: 


NiPe/No 


(2*m) v \kT) 612 2S,(T) _ xortr 
h? ' B 0 (T) 6 


where Ni ,A r 0 are the numbers of atoms in the singly ionized and neutral 
conditions, P c is the electron pressure. The B' s represent the partition func¬ 
tions, xo is the ionization potential of the neutral atom, and the other 
symbols have their usual meanings. Similar expressions describe successive 
ionizations. 

Like excitation temperature, ionization temperature implies thermal 
equilibrium. A knowledge of the electron pressure, P t , is required. In their 
classical treatment of ionization in stellar atmospheres, Fowler and Milne 
(1923) used a value of 10 -4 atmospheres for all stars, and obtained a good 
first approximation to an ionization temperature scale. But the fact that 
luminous stars have lower effective and color temperatures than less lumi¬ 
nous stars of similar spectral class indicates that the assumption of the 
same electron pressure for all stars is unjustified. We may obtain an ap¬ 
proximate value of P e from the physical data for the star, but it is usually 
no more than a plausible guess. 

However, even within the atmosphere of one star it is not legitimate to 
adopt a single value of P e , and excitation temperatures are far more sig- 


Tabi.e 14. Ionization Temperatures for Hot Stars 


Spectrum 

Ionization Temperature 

05 

36,300° 

06 

34,600 

07 

32,900 

08 

31,700 

09 

30,700 

BO 

28,600 
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nificant than ionization temperatures. Table 14 gives an example of ioniza¬ 
tion temperatures for some of the hottest normal stars that show absorption 
spectra; the values were derived by Petrie (1948) with an adopted value 
of 2.80 for log P e . 

For nebulae and novae, where the spectrum shows evidence of high 
ionization (Nova Pic tons displayed “forbidden lines” of Fe VII, and some 
recurrent novae have displayed “forbidden” Fe X and Fe XIV) ionization 
temperatures reduce to little more than guesses; in novae, at least, we are 
dealing with nonequilibrium conditions. In the solar corona, discussed in 
the next section, a temperature of about 10 6 ° can be considered a limiting 
ionization temperature, since it reposes on the absence of lines of H and He 
from the spectrum, presumably a result of complete ionization. 

Kinetic Temperature. The temperature represented by the thermal 
velocities of atoms in stellar envelopes is based on the relation: 


V = 1.289 X 10 4 y/TfU (cm sec), 


where V is the most probable velocity, deduced from the observed line pro¬ 
file, and M is the atomic weight. The sun has been a rich source of kinetic 
temperatures. 

Several investigators have concluded that the kinetic temperature of the 

solar reversing layer is considerably higher than the color temperature, the 

effective temperature, and especially the excitation temperature. A kinetic 

temperature of about 15,000° was derived by Pierce and Goldberg (1947). 

Miss Bell (1951) found a value of 11,500° ± 1000° for the lower reversing 

layer, and about 20,000° for the higher reversing layer. At the higher levels 

represented by the chromosphere, Redman (1942, 1944) deduced a kinetic 

temperature of 30,000° from line profiles. Finally, the widths of the bright 

lines in the spectrum of the solar corona lead to a kinetic temperature of 
near 10 6 


Kinetic temperature, however, is deduced from observations of line pro¬ 
file that may have another interpretation. Microturbulence may simulate 
Doppler broadening, and (as we shall see) is generally credited with playing 
this role in the spectra of some supergiant stars. If it occurs in the solar 
photosphere, as some investigators believe (see Minnaert, 1953), the kinetic 
temperature is a fictitious one. The greater breadth of the lines of light 
atoms than of heavy ones, interpreted by Pierce and Goldberg and by Miss 
Bell as evidence of the absence of turbulence, is attributed by Houtgast 
(1952) to level of origin, and turbulence may accordingly be present. The 
question is bound up with the intricate and unsolved problems of the struc- 
turn and support of the solar envelope. Redman’s high kinetic temperature 

Hulst (1953 0 ) m0SPhere may be revised downward > as suggested by van de 



40 


GENERAL CONCEPTS 


Table 

15. Kinetic Temperature and Ionization 

Solar Reversing Layer 

POTENTI 

AL IN THE 

Atom 

i.p. 

Kinetic Temperature 

Atom 

I.P. 

Kinetic Temperature 

Ti I 

6.81 

15,100° 

Ti II 

13.6 

18,100° 

Fe I 

7.86 

►—» 

•u 

O' 

o 

o 

Fe II 

16.16 

20,600° 

Cr I 

6.74 

16,000° 

Cr II 

16.6 

21,700° 


If the solar lines profiles are interpreted in terms of kinetic temperature, 
in the absence of microturbulence, the values of Table 15 are obtained. 

Excitation temperatures, determined by Wildt (1947) from metallic lines 
and by Goldberg (1939) from helium, are given for the chromosphere in 
Table 16. Excitation temperatures thus increase outward from the solar 
surface, as kinetic temperatures seem to do, but are much lower. The 
ionization temperature in the chromosphere is given by Menzel (1949) as 
20,000° to 25,000°, nearer to the kinetic temperatures. It is suggested that 
the excitation is determined by the radiation field, the ionization by the 
kinetic temperature. The reason for the high kinetic temperature of the 
sun probably must be sought in nonequilibrium processes at the surface; 
yet another example of the inadequacy of a simple conception of tempera¬ 
ture in astrophysics. 

Similar determinations of kinetic temperature have been made for a 
number of other stars of spectral type rather similar to that of the sun. The 
velocities deduced from the line profiles (or, what amounts to the same 
thing, from the vertical coordinate of the observed curve of growth) are in 
many cases incompatible with the color, effective, excitation, and ionization 
temperatures of the stars concerned. This is especially striking for super¬ 
giant stars. Table 17 summarizes the data that have been obtained for 
several stars by a number of investigators. 

The temperatures given under “kinetic temperature” are fantastically 
high for some of the stars, notably the supergiants (la and lb). Struve 
(1950) attributes them to small-scale turbulence in the atmospheres of the 
stars concerned. Here again we have indications of nonequilibrium condi¬ 
tions that are far from being understood. 

The data for a Persei, as analyzed by Wright (1946, 1947), point to a 
gradient in kinetic temperature, similar to that shown in Table 15 for the 
sun, but with temperatures of quite another order. The velocities, and the 


Table 16. Excitation Temperatures in the Solar Chromosphere 


Height above Photosphere Atom 

— Fe I, Ti II 

760 km He I 

1500 He I 

2330 He I 


Excitation Temperature 

3000° to 4000° 
4300° 

5300° 

6700° 
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Table 17. Kinetic Temperature of Stars 

Effective 


Star 

Spectrum 

Temperature 

V (km/sec) 

Kinetic Temperature 

Reference 

Sun 

G5 V 

5520 


11,500° 

Bell (1951) 

8 CMa 

F8 lb 

5300 

4.9 

80,000° 

Steel (1945) 

a Per 

F5 lb 

6200 

3.4 

38,000° 

Steel (1945) 




4.2 

58,000° 

Wright (1940) 




5.0 

83,000° 

Dunham (1934) 

* Aur 

F5 la 

6200 

20 

1,300,000° 

Struve and Elvey 






(1934) 

a Car 

FO Lb 

7600 

3.5 

40,000° 

Greenstein (1945) 

17 Lep 

FO 

7600 

67 

19,000,000° 

Struve and Elvey 






(1934) 

a Cvg 

A2 la 

0700 

(0.03) 

(10,000°) 

Struve (1950) 

a CMa 

AO V 

11,000 

(0.03) 

(10,000°) 

Struve (1950) 

a Lyr 

AO V 

11,000 

(0.03) 

(10,000°) 

Struve (1950) 


kinetic temperatures, deduced, as for the other stars, for an atomic weight 
55 (since elements in the neighborhood of iron are the heaviest contributors 
to the determination) are shown in Table 18. 

We conclude this brief survey of the astrophysieal temperatures of stellar 
surfaces and envelopes with a table (Table 19) that summarizes some of 
the principal data concerning the solar temperatures. 

Stellar Interiors 

The subject of temperature in stellar interiors hinges on observation in a 
completely different way from that of the observable stellar envelope. The 
data of observation are the luminosities, radii, and masses of the stars. The 
internal conditions can be inferred on the assumptions that the stellar 
material behaves like a perfect gas; that the opacity is photoelectric and 
therefore obeys Kramers’ law; and that the star is in mechanical equi¬ 
librium and the energy transport entirely radiative. This is not the place 
to describe in detail the intricate subject of stellar models, still an active 
and controversial branch of theoretical astrophysics. 

The classical study of stellar structure is built on the “standard model,” 
in wh |ch the product kt, is constant throughout the star (see Chandrasekhar, 
1939), where #c is the absorption coefficient and i? is the ratio of the average 
rate of liberation of energy interior to the point considered to the average 


Atom 

Ti I 
Cr I 
Fe I 


IP. 

Table 

V 

18. Kinetic Temperature 

Kinetic 

FOR a PERSEI 

V W 

Kinetic 

Temperature 

(km/sec) 

Temperature 

Atom 

I.P. 

V 

(km/sec) 

6.81 

3.9 

51,000° 

Ti II 

13.6 

6.1 

123,000° 

230,000° 

190,000° 

6.74 

4.6 

70,000° 

Cr II 

16.6 

8.3 

7.86 

5.0 

83,000° 

Fe II 

16.16 

7.5 



Table 10. Summary of Solar Temperatures 


Location 

Type 

Temperature 

Reference 

Sunspots (umbra) 

Brightness 

4700° 

Pettit and Nicholson (1930) 


Effective 

4120 

Wormell (1936) 


Color(visual) 

4850 

Michard (1953) 


(ultraviolet) 

3950 

Michard (1953) 


Ionization 

4720 

Moore (1932) 


Excitation 

3900 

ten Bruggencate and von Kluber (1939) 



3900 

Michard (1953) 


Rotational 

4460-4870 

Hunaerts (1947) from C 2 , CN, CH, 




OH, NH 

(penumbra) 

Color (visual) 

6700 

Michard (1953) 


(ultraviolet) 

5600 

Michard (1953) 

Photosphere 

Color (visual) 

5600-6150 



Wien law 

6150 



Effective 

Brightness: 

5750 



150 cm 

1,000,000 

Table 6 


50 

500,000 

Table 6 


25 I 

200,000 

Table 6 


10 

50,000 

Table 6 


3 

20,000 

Table 6 


1.25 

10,000 

Table 6 


visual(4250A±) 

7150 

Michard (1950) 


ultraviolet(<3700A) 

5780 

Michard (1950) 


2200 A 

4900 

Tousey (1953) 


1040-1340 A 

>6000 

Tousey, Watanabe, and Purcell (1951) 


795-1050 A 

>>6000 

Tousey, Watanabe, and Purcell (1951) 


1200 A 

4600 

Byram, Chubb, Friedman, and Gailar 




(1953) 


5-8 A 

high, variable? 

Tousey (1953) 

Reversing laj'cr 

Excitation: 




neutral atoms 

4825 

Table 9 


singly ionized 

4900 

Table 9 


atoms 




Kinetic* 

15,000 

Pierce and Goldberg (1950) 


neutral atoms 

17,000 

Table 15 


singly ionized 

20,000 

Table 15 


atoms 



Chromosphere 

Excitation 

3000-6700 

Table 16 (low chromosphere) 


Ionization 

20-25,000 

Menzel (1949) 


500 km 

5,750 

Athay, Pecker, and Thomas (1954) 


1000 

6,100 

(Eclipse data; intensity of continuous 




emission) 


2000 

6,100 



3000 

7,000 



4000 

13,600 



5000 

31,600 



6000 

79,000 


Corona 

Obliteration of lines 

>100,000 

van de Hulst (1953) 


(electron tem¬ 
perature) 




Density gradient 

1,200,000-1,000,000 

van dc Hulst (1953) 


Kinetic 

1,800,000 

van de Hulst (1953) 


Ionization 

900,000? 

van de Hulst (1953) 


Radio brightness, 1 

800,000 

van de Hulst (1953) 


meter (quiet 

sun) 



Disturbed sun 

Brightness (60 

10>*-10>» 

Pawscy and Smerd (1953) 


Mc/sec) 




• Perhaps includes microturbulence. 
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Table 20. Central Temperatures of Stars Calculated for the 

Standard Model 


Spectral Class 

Effective 

Temperatures* 

Mass 3 Suns 

Mass 10 Suns 

Mass 40 Suns 

M 

3,000° 

4,650,000° 

2,450,000° 

1,520,000' 

K 

4,000 

7,800,000 

3,880,000 

2,400,000 

c; 

5,500 

12,300,000 

0,480,000 

4,010,000 

F 

7,500 

20,100,000 

10,000,000 

6,570,000 

A 

10,500 

34,500,000 

IS,200,000 

11,300,000 

B 

18,000 

(81,700,000) 

43,000,000 

26,600,000 

O 

27,000 

(156,000.000) 

(82,100,000°) 

50.000,000 

• Adopted; this temperature fixes 

the radius. 




rate for the whole star. The temperature at any point within such a star 
depends upon its mass, its radius, and the mean “molecular weight” of the 
stellar material, as well as on the coefficient of opacity (defined by Kramers’ 
law) and the rate of liberation of energy. For stars built on the standard 
model, or indeed for stars built on any of a large series of possible models, 
the central temperature is proportional to M/R, where M is the mass and 
R the radius, the constant of proportionality depending upon the model. 
Table 20 displays typical results for stars of various masses, built on the 
standard model, as given by Eddington (1926). 

4 able 20 meiely serves to illustrate the order of central temperature that 
results from the assumptions. It refers to giant stars with masses greater 
than the sun’s, but the entries do not all correspond to the dimensions of 
actual stars, whose properties are found not to be distributed at random. 
Most actual giant stars would conform to the masses and radii of the last 
two columns, but as we shall see, they are not now thought to be built on 
the standard model. For main sequence stars, which probably do conform 
fairly well to the standard model, central temperature is near ten million 
degrees for those coolest at the surface, over twenty million degrees for the 
hottest. Typical values are tabulated by Salpeter (1953). 

In the most general terms it has been shown by Chandrasekhar (1951) 
that minimal central temperatures depend on mass (Hf), radius ( R) and 

luminosity (L) in addition to mean molecular weight &»). His results for 
some well-known stars are given in Table 22. 

The foregoing tables merely serve as illustrations. The extremely complex 
ubject of stellar models is outside the scope of a bare discussion of astro- 


Table 21 

Spectrum 

B6 

G2 

M2 


Central Temperatures, Typical Main Sequence Stars 

Standard Model ’ 

Effective Temperature Mess Suns Radius Sunt Cental Ten.per.ture 

l5 ’Z ? ? 20 , 000 , 000 “ 

3200 n o 1 15,000,000 

3200 02 02 10 , 000,000 
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Table 22. Minimal Central Temperatures for Selected Stars 


Star 

Mass 

Suns 

Radius 

Suns 

1 

Luminosity 

Suns 

Central Temperature for: 

/i = 1 

* = 2 

Sun 

1.00 

1.00 

1.00 

7,400,000° 

14,000,000° 

r Her 

1.12 

2.04 

4.0/ 

4,000,000 

7,500,000 

a CMi 

1.63 

1.70 

5.75 

7,000,000 

13,000,000 

« CMa 

2.34 

1.78 

38.09 

9,400,000 

16,000,000 

M ScO 

12.4 

5.37 

5500 

13,000,000 

15,000,000 

a Aur ; 

4.IS 

15.8 

120 

1,S00,00() 

2,600,000 


physical temperatures. But a word should be said concerning the reasons 
for development of a variety of models. It is now generally accepted that 
the energy radiated by most stars stems from thermonuclear energy sources. 
Reactions that involve light nuclei (from lithium to boron) proceed at 
temperatures less than 8 million degrees, but they furnish an inadequate 
energy supply and the nuclei involved are cosmically rare, perhaps because 
they have been used up in a short interval by such reactions. The reactions 
that proceed at the lowest temperatures, that are competent to deliver 
energy in adequate amounts and that involve nuclei that are cosmically 
frequent, are the proton-proton reaction and the carbon cycle, which pro¬ 
ceed at temperatures over ten million degrees. 

The energy generation of the sun can be reconciled with several models, 
which must be consistent with the sun’s observed mass and luminosity and 
with the dependence of the energy generation on the temperature. The im¬ 
portant parameter, mean “molecular weight,” can be varied by varying the 
adopted composition. It suffices to specify the hydrogen, helium, and heavy- 
element contents of the stellar material. All the models displayed in Table 
23 satisfy both the mass-luminosity relation and the energy-generation 
condition. Details of the individual models are given by Stromgren (1953). 

The cooler giant stars will be seen from Table 20 to have very low central 
temperatures on the standard model—too low for the operation of the 
carbon cycle and the proton-proton reaction. 

A variety of stellar models has been devised to meet the difficulty and to 


Table 23. Solar Models 


Mean Mol. 

Heavy 

Element 

Hydrogen 

Helium 

Central 

Reference 

Weight 

Content 

Content 

Content 

Temperature 

0.59 

0.0075 

0.76 

0.23 

14,000,000° 

Stromgren (1953) 

0.56 

0.01 

0.82 

0.17 

15,000,000 

Epstein (1951) 

0.63 

0.045 

0.67 

0.29 

19.000,000 

Keller (1948) 

0.76 

0.12 

0.47 

0.41 

20,000,000 

Schwarzschild (1946) 

0.98 

0.65 

0.35 

0.00 

20,000,000 

Bet he (1939) 
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Table 24. Central Temperatures, Point-Source Model 


Main Scq. 

Mass 

Suns 

Radius 

Suns 

Central Temp. 

Variable Stars: 
Cepheids, Period, days 

Central 

Temp. 

B1 

25 

11 

46,000,000° 

0.25 

21,000,000 

B3 

5.2 

3.2 

34,000,000 

0.65 

15,000,000 

A0 

2.4 

1.8 

28,000,000 

1.6 

5,000,000 

A5 

1.7 

1.4 

25,000,000 

10 

2,000,000 

GO 

1.1 

1.0 

23,000,000 

32 

1,300,000 

K0 

0.9 

1.0 

19,000,000 

Red Variables 

M0e spectrum 

2,400,000 

K7 

0.45 

0.7 

13,000,000 

M4e 

1,500,000 

M3 

0.26 

0.34 

13,000,000 

MSe 

800,000 


provide adequate central temperatures even for cool giant stars. The 
standard model generates energy (in conformity with the local tempera¬ 
ture) throughout, its volume; the “point-source” model, where all the energy 
is generated at the center, provides higher central temperatures; and a 
variety of “shell-source” models, in which energy is generated in a zone 
outside an inert shell, do so to a lesser extent. There have been calculations 
of convective models, of partially degenerate stellar models, in which the 
central core is exhausted of available energy, and also of wholly degenerate 
white-dwarf models in which energy is generated by contraction. There is 
also the possibility of a chemically inhomogeneous model. 

The point-source model for main sequence stars is illustrated in Table 24 ■ 
it includes also a few typical variable stars, and clearly only for those’of 
shortest period does even this model provide high enough temperatures. 

table 25 summarizes some shell-source models for stars with exhausted 
gravitationaUy contracting cores, devised by Sandage and Schwarzschild 
(1952) to represent the properties of the brighter stars in globular clusters 
which are giants in dimensions and moderate in mass, so that their central 
temperatures would be very low, either with the shell-source or the point- 

temnerT de ' th ®‘ r moderate masses they can have high central 

temperatures, and those at the foot of the table have low effective tempera- 


Table 25. 

Effective Temperature 
Mass I Sun 

7,350° 

7,060 

6,460 

6,050 

5,090 

4,130 

2,830 

1,500 


Central Temperatures for Shell-Source Models 

Exhausted Cores 

Effective Temperature Effective Temperature 
Mass 2 Suds 


12,300 

11.900 

10.900 

10,200 

8,570 

6,950 

4,760 

2,520 


Mass 4 Suns 

20,700° 
20,000 
18,300 
17,100 
14,400 
11,700 
8,020 
4,240 


Central Temperature 

30,000,000° 

30,000,000 

45,000,000 

56,000,000 

83,000,000 

110,000,000 

144,000,000 

170,000,000 
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tures and are therefore giants in dimensions. Recent work tends to lower 
the temperatures for this model somewhat (Schwarzschild, 1954). 

It is beyond our scope to discuss the astrophysical arguments that have 
led to the acceptance of models such as these for the stars in globular 
clusters, which must be of an age comparable to that of the current uni¬ 
verse, perhaps 10 9 to 10 10 years. The high central temperatures serve to 
introduce the idea of the need for considering thermonuclear reactions that 
proceed at temperatures far higher than the 15 to 20 million degrees re¬ 
quired for the carbon cycle. 

A main sequence star with a mass higher than 5 suns will exhaust the 
hydrogen (from which it derives energy by the proton-proton reaction and 
the carbon cycle) in 10 5 years or less. It will then contract, and its central 
temperature will rise. The thermonuclear reactions that come successively 
into play as the temperature rises have been described by Salpeter (1953) 
and by Hoyle (1954). The first, suggested by Opik (1951) and Salpeter 
(1952) involves the synthesis of O 16 from C 12 and an alpha particle. Later 
reactions at higher temperatures are more and more speculative. An in¬ 
complete summary is given in Table 26. 


Table 2G. Possible Thermonuclear Reactions within Stars 


Temperature 

12,000,000° 
20,000,000 
140,000,000 
160,000,000 
Over 100,000,000 


600,000,000 


1,350,000,000 


Over 1,500,000,000 ' 
2,000,000,000 
5,000,000,000 


Reaction 

Proton-proton reaction 
Carbon cycle 

C* 2 + a — O 16 + 7 

O 16 + a -> Ne 20 + 7 

N™ + a — F 18 + 7 
F 18 O 18 + 0 -f 

O 18 + a —I► Ne 22 + 7 

Ne 20 + a 

/ 

C' 2 + c* 2 — Mg 24 

\ 

Na» + p 
Mg* 1 + a 

/ 

C 12 + O 10 -* Si 28 —> Si 27 + n 

\ 

Mg 26 + D 
Si 28 + a 

/ 

QIC + QIC _> g32 _> 1>30 _f_ D 

\ 

S 31 + n 

Possible formation of Ca 40 
Si 28 most abundant nucleus 
Fe 66 most abundant nucleus 
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Space forbids the discussion of the way in which Hoyle thus attempts to 
account for the observed aslrophysical frequency of atomic species; the 
main outline is very suggestive, and the large differences of the C ,2 /C u 
ratio that are observed astrophysically receive a plausible explanation: 
no C 13 should be produced in stars with “very hot” interiors (over 
100,000,000°), whereas if the C 12 has been at low enough temperatures to 
permit the operation of the carbon cycle, over 20 per cent of the carbon 
should be in the form of C 13 as it is found to be in some stars. 

In his discussion of the astrophysical abundances of atomic species, 
Greenstein (1954) mentions a number of points that bear on the argument. 
Two of them may be mentioned here. Astronomy recognizes two stellar 
“populations,” of which Type I seems to consist of “young” stars, Type II 
of “old” stars. I he type II stars appear to be hydrogen-rich; the propor¬ 
tion of metals (as inferred from study of their spectra) is smaller than for 
Type I stars. He suggests three causes for the difference: Type I stars may 
have been formed of interstellar dust, relatively poorer in hydrogen than 
the material from which the “old” stars were made; they may have been 
formed in regions of different composition; or they may have been formed 
fiom matter ejected from old stars, such as supernovae, which have gone 
through a stage of high central temperature as outlined in Table 26. 

Certain low-temperature stars (at the surface) are rich in Technetium. 
The occurrence of this atom, of lifetime shorter than the probable astro- 
physical lifetime of the stars, might be a result of multiple proton and 
neutron captures by atoms of the iron group, but the temperature required 
would be enormous, and the technetium atoms would have to pass rapidly 
from the hot interiors; or if the process took place in stellar atmospheres 
we should have to postulate stellar betatrons. 


Interstellar Space 

From the conditions of high temperature and high density in stellar in- 
eriors we turn to those of interstellar space, which seem to present the 
greatest possible contrast. In the regions between the stars, both densities 
and temperatures are extremely low. Moreover it is here that we encounter 
he greatest differences between temperatures defined in different ways 
Ihe deduced temperatures in stellar interiors depend on the laws of radi- 
a ion, and are thus radiation-density temperatures that depend on the 
Stefan-Boitzmann law. In applying these temperatures to examine possible 

r p rr es in steiiar interiors ™ tacit >y — e that t h ey are 

S n A,, 7 temP T tUreS ' The assum P tio n is almost certainly justi¬ 

fiable in stellar interiors, but as we have seen, it is not valid in stellar en 

elopes, still less so in the envelopes of planetary nebulae; and in interstellar 

P ee it is grossly invalid. The temperature that would be deduced from the 
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energy distribution of integrated starlight in interstellar space would be in 
the neighborhood of 10,000°; the effective temperature of an isolated black 
absorber and radiator in interstellar space would be about 3°; and if the 
velocities of cosmic ray particles were used to define a kinetic temperature , 
we should obtain a value of hundreds of millions of degrees. If a precise 
definition of temperature is important elsewhere in astrophysics, it is a para¬ 
mount consideration in interstellar space. The most complete discussion of 
conditions in the regions between the stars is given by Spitzer (1954), where 
the relevant references will be found. 

The most significant temperature for interstellar material is the kinetic 
temperature , already defined in the discussion of stellar envelopes. If the 
conception of kinetic temperature is valid, the distribution of random 
velocities of particles is Maxwellian, and the temperature is defined by the 
relation: 

% kT = Yl mv l . 

If elastic collisions predominate over inelastic ones, the requirement for 
Maxwellian distribution of velocities is fulfilled; Spitzer has shown that this 
is in fact the case. 

Observation has provided the basic information concerning the composi¬ 
tion, physical condition, and density of interstellar material, through the 
study of its spectroscopic effects on the light of star seen through it, and of 
its own bright-line spectrum in different regions. This study has been partly 
carried out by conventional spectroscopy in the photographic regions, 
partly through microwave observations at very long wavelengths. Hydro¬ 
gen is the predominant atom, occurring with a density of about 1 atom per 
cm 3 in the spiral arms of our stellar system, and much lower density be¬ 
tween the arms. Other atoms, such as Na and Ca+, are found at densities 
about 3 X 10 -9 atoms per cm 3 in the same regions; Fe, Ti + , K atoms, and 
CH, CH+ and CN radicals occur with comparable densities. Although Pie 
is not directly observed, its high cosmic abundance, next to that of H, 
makes a comparable interstellar abundance fairly certain. “Forbidden” 
bright lines of 0 + reveal the presence of oxygen, and C is undoubtedly also 
present in the form of atoms and ions, probably also N (which is, however, 
probably less abundant than O in interstellar regions, as it is in the average 
stellar envelope). 

Two types of region are observed in interstellar space: those in which the 
hydrogen is predominantly neutral (so-called II I regions), and those in 
which it is almost completely ionized (H II regions); the latter are confined 
to the so-called “Stromgren spheres,” surrounding the hottest stare (Spec¬ 
trum O and B) with radii from 20 to 150 parsecs. Such spherical HII 
regions have been observed both within our own stellar system and in moie 
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Table 27. Relative Importance of Elastic and Inelastic 

Encounters (Spitzer) 



H II Regions 

HI Regions 

Densit)' per cm 3 : (adopted) 




Electrons 


1 

►— 

O 

1 

Ions for inelastic coll. 


10~ 3 

C4 

1 

o 

H molecules 


— - 

1 

tj/ls at electron T: 




100° 

3.0 

C7» 

o 

rH 

X 

3.5 X 10«* 

1000 

3.6 

X 10* 

3.9 X 10 s 

10,000 

4.4 

X 10‘* 

4.0 X 10 2 


• Corresponding to likely temperature 


distant systems such as the spiral galaxy in Andromeda, and the existence 
of H I and H II regions is thus an observational fact, not merely a theo¬ 
retical deduction. 

Spitzer (1954) has shown that both in H I and in H II regions, the dis¬ 
tribution of velocities must be Maxwellian. Table 27 embodies his results; 
he calculates the ratio ti/t E , where h is the interval between inelastic col¬ 
lisions and Is the time for the root-mean-square velocity to be reduced, by 
elastic collisions, by an amount equal to the original energy. The results 
are expressed for the probable span of electron temperatures. 

The electron temperature in both H I and H II regions is determined by 
the balance between the gain of heat by the gas from the stellar radiation 
field and its loss by radiation into space. The gain of heat involves electron 
capture by an atom of the predominantly ionized interstellar gas, and sub¬ 
sequent photoionization of the atom by the stellar radiation field; the elec¬ 
tron is ejected with more energy than it had before capture, and this kinetic 
energy is expended in heating the gas. The gas is cooled by its own radia¬ 
tion; the important process involves excitation by electron impact and 
subsequent radiation of the energy of excitation. Thus the heating is de¬ 
termined by the stellar radiation field to which the atoms are exposed, the 
cooling depends on the extent to which the free electrons are able to excite 
the existing atoms (or ions) and lead to radiation from the corresponding 
excited levels. The great difference between the kinetic temperatures in H I 
and HII regions hinges on the composition of the interstellar gas and on the 
distribution of the excited levels of the important atoms and ions. 

In the H II regions which are near to hot stars, Spitzer assumed a radi- 
a ion field that corresponds in energy distribution to the Planck distribu¬ 
tion for a star of temperature 30,000°; the temperature that corresponds to 

e radiation density is of course much lower. He calculates the gain in 
energy (per electron per cm 3 per second) due to electron captures by pro- 
ons and subsequent photoionization of hydrogen, and the loss in energy 
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(in the same units) occasioned by electron excitation of 0+ ions; the 0+ ion 
is probably the most abundant one that possesses appropriate low-lying 
energy levels, as was pointed out by Menzel and Aller (1941) in their'dis- 
cussion of the processes in the envelopes of planetary nebulae. For a proton 
density of 1 per cm 3 and an 0 + density of 10~ 3 per cm 3 , a balance is reached 
at an electron temperature near 8000°. If N+, with a somewhat lower-lying 
excited state, is abundant enough to contribute much to the cooling of the 
gas, the temperature may be lower than this, down to 5000°, but the “for¬ 
bidden” O II lines would in that case be suppressed, whereas they are 
observed to give appreciable bright lines in H II regions. The electron 
temperature cannot rise above about 15,000° if appreciable 0+ ions are 
present ; it probably lies in the neighborhood of 10,000°. 

The application of similar methods to the conditions in H I regions leads 
to very different results. The high ultraviolet opacity of neutral hydrogen 
cuts down the most effective region of the interstellar radiation field; H, 
He, O, N, and Ne are abundant atoms that will be neutral in consequence; 
C, with a somewhat lower ionization potential, may be ionized. Spitzer 
calculates the gain in energy due to electron captures by carbon, followed by 
photoionization, and compares it with the cooling by electron excitation of 
carbon ions; for a color temperature of the radiation field of 20,000° and an 
ion density of 5 X 10 -3 per cm 3 , he finds that the processes balance at an 
electron temperature of 22°. Atoms of Si and the metals contribute to a 
similar effect, and the temperature is found to be less than 100°. The effect 
of the neutral hydrogen on heating and cooling processes in H I regions is 
less certainly determined, but the deduced electron temperatures are not 
very much altered; they may safely be said to be less than 200°. 

Evidence of a different type permits the estimation of the temperature in 
H I regions. The interstellar hydrogen line at 1420 Mc/sec, emitted in the 
transition from the upper to the lower electron-spin hyperfine level of the 
ground state, was predicted by van de Hulst in 1944 and detected by Ewen 
and Purcell (1951). Its intensity is compatible with a temperature of 100°, 
as given by van de Hulst (1953) and by van de Hulst, Muller and Oort 
(1954). We may also recall the excitation temperature of 2.3° obtained for 
interstellar molecules by McKellar (1941). 

The results from radio astronomy cannot be omitted in a survey of astro- 
physical temperatures, but they introduce a subject still less completely 
understood than those already surveyed. Intensities in the radio continuum 
have served to determine a series of isophotes for our galactic system, and 
as these isophotes follow the observed distribution of stars in the system it 
seems probable that they are largely of stellar origin. It has been conven¬ 
tional to convert the intensities of these isophotes into “equivalent tem¬ 
peratures” (defined as the temperatures of black bodies which, if placed in 
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the aerial beam, would give the same intensity as that actually observed). 
These so-called equivalent temperatures are thus brightness temperatures de¬ 
duced from surface brightness , and in the absence of a physical theory of the 
radio continuum, their relation to temperatures such as those we have dis¬ 
cussed above is unknown. That they are higher at wavelength 3 meters than 
at 1 34 meters is shown by the results of Bolton and Westfold, who obtain 
equivalent temperature of 1400° at 3 meters in the same area for which 
Allen and Gum obtain 142° at 13^> meters (see Han bury Brown, 1954). 

Hanbury Brown (1954) points out that if we regard the solar radiation in 
the radio range as typical of stars in general, the “ temperature” of the radio 
Sky at 3 meters is 10 u times what would be expected. No satisfactory 
theory, based either on emission by “radio stars” or by interstellar gas, has 
been proposed. Certainly the conception of temperature is employed here 
in a very loose sense. 
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SECTION II 


STANDARDS AND SCALES 




5 . GAS THERMOMETRY* 


James A. Beattie 

Massachusetts Institute of Technology 


Introduction 

The second law of thermodynamics leads to a scale of temperature that is 
independent of the properties of any substance. Two of the corollaries of 
the second law are: If Qi and Qi are the quantities of heat flowing to a re¬ 
versible heat engine operating on a Carnot cycle between two heat reser¬ 
voirs at the respective temperatures t\ and U ., then (1) Qi and Q 2 cannot 
have the same algebraic sign, and (2) 


Qi _ 0 \ 

q * m K} 

where f(t) is any function of temperature. The scale of temperature ob¬ 
tained by writing 


Ti 

T 2 




is known as the absolute thermodynamic or Kelvin temperature scale. It 
was proposed by Clausius 1 and (on second thought) by Kelvin. 2 The par¬ 
ticular form of the function f(t) appearing in Eq. (2) was chosen as a result 
of studies of the properties of gases published during the first half of the 

nineteenth century, particularly the investigations of Gay-Lussac 3 and 
Regnault . 4 

The thermodynamic temperature scale can be established from experi¬ 
mental measurements of quantities that appear in any second law equa¬ 
tion. At the present time the gas thermometer filled with a fluid in the state 
of a perfect gas is recognized as the primary instrument for realizing this 
scale over the range that the thermometer can be used. Both the constant- 
pressure and constant-volume gas thermometer have been employed, but 
the latter has received the most attention, especially at the low and high 
temperature ends of the range. 


* Contribution from the Department of Chemistry, Massachusetts Institute 
■technology, Cambridge, Massachusetts. 
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The Perfect Gas Equation 

The perfect gas equation rests on two laws and one definition. The two 
laws are: 

1. Boyle's law, which states that the pressure-volume product pV of a 
definite mass m of a definite perfect gas is constant at a definite tempera¬ 
ture T, 

pV = }(T). (m = constant) (3) 


2. Joule's law, which states that the energy E of a definite mass m of a 
definite perfect gas is independent of the volume when the temperature is 
held constant, 


= 0 ; 

dV T 


or E = F(T). 


(in = constant) (4) 


Substitution 5 from Eq. (4) into the first and second law equation for a 
closed system, 

dE = TdS - pdV, (5) 


gives 

dS = l^^dT + ^dV. {m = constant) (6) 

1 dl 1 

Since dS is an exact differential and F is a function of T alone, we find by 
cross-differentiation 

[~a(p/r)~| = Q or V = y^ ( m = constant) (7) 

L dT Jk t 

Solution of Eqs. (3) and (7) for p gives 

_ }(T ) _ (m = constant) (8) 


whence 


V<t>(V) = 



(m = constant) (0) 


Eq. (9) can hold for all values of the variables only if each side is equal to a 
constant; whence 


]{T) = rT 


(m = constant) (10) 


where r is a constant for a definite mass of a definite perfect gas. 

One mole of any gaseous substance may be defined as the number o 
grams of the gas that has the same value of pV/T as 32 grams of oxygen 
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when both are in the state of a perfect gas. Thus for any perfect gas 


~ = R (one mole) (11) 


where R is a universal constant and v the volume of one mole. Since p and 
T are intensive properties and V an extensive property of a gaseous system, 
V = nv\ and 


pV = nRT 



where n is the number of moles of perfect gas. As a relation expressing the 
pressure-volume-temperature behavior for a perfect gas, Eq. (12) does not 
depend on Avogadro’s law. If however, we wish to relate n to the mass and 
molecular weight of the gas, we must add the assumption of Avogadro’s 
law to the two already made. 

Eq. (12) has been derived from Eq. (5) and two isothermal assumptions 
together with an empirical definition of the mole. The T in Eq. (12) comes 
from Eq. (5) and hence is Kelvin temperature. If p\V\ and p 2 V 2 are the pres¬ 
sure-volume products of a definite mass of a perfect gas at the respective 
temperatures T x and T 2 , Eq. (12) gives 


PiVi _ T i 
PzV 2 7V 

Eq. (13) is the basis of gas thermometry. 


( m , gas = constant) 



The Equation of State of a Real Gas 

The thermometric fluid of a gas thermometer is a real, not a perfect, 
gas. All experimental studies of the properties of real gases indicate that 
the following two statements 6 describe the behavior of real gases at suffi¬ 
ciently low pressures: 

1. At all temperatures (except in the neighborhood of 0°K) the pressure- 

volume product of a definite mass m of a definite real gas at a constant 

temperature T and in the region of low pressure can be represented by the 
equation 


pV - f(T) -f- A(T)p + 0(p 2 ) (m = constant) (14) 

where/(T) and A(T) and their derivatives with respect to temperature 
are bounded, and 0(p 2 ) represents terms of the order of p 2 . 

2. At all temperatures (except in the neighborhood of 0°K) the enthalpy 

(heat content) H of a definite mass m of a definite real gas at constant 

mperature and in the region of low pressure can be represented bv the 
equation J 


H - F(T) + C(T)p -1- 0(p 2 ) 


(m = constant) ( 15 ) 
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where F(T) and C{T) and their derivatives with respect to temperatures 
are bounded. 

Substitution from Eqs. (14) and (15) into the general thermodynamic 
relation 

r -r-T( 

gives 

C + 0 W .'-(f-Tg) + (A-T £)+<*» (ij) 

(m = constant) 

for a definite mass of a gas in the region of low pressure. Eq. (17) can hold 
only if 



dV\ 
dT / 


(m = constant) (16) 




(m = constant) (18) 


Integration gives 


/= rT 


(m = constant) (19) 


where r depends only on the mass for a specified gas. 
Eq. (14) may now be written 


pV = rT + A (T)p + 0(p 2 ). 


(m = constant) (20) 


In the region of very low pressure where terms of the order of p may be neg¬ 
lected in comparison with unity, Eq. (20) becomes 


(pV)* = 


(m = constant) (21) 


Now define one mole of a real gas as the number of grams of the gas 
that has the same value of ( pV)*/T as 32 grams of oxygen when both are 
measured in the region of very low pressure. Then 

~ R (° ne mole); = n ^‘ mo ^ es ) ®2) 

Hence 

pV = nRT + nBp + 0(p 2 ) (23) 

and to the same degree of approximation 

pV = nRT [l +^+0 


(24) 
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where the parameter B depends on the kind of gas and is a function of 
temperature alone. It is usually called the second virial coefficient of the 
gas, although this term has also been applied to the product RTB. 

Eqs. (23) and (24) give for the ratio pV/p 0 V 0 of the pressure-volume 
product of a definite mass of a real gas at the respective temperatures T 
and To and in the region of low pressures: 


w. - r. [' + (ot - mk + 

{p = Po = constant, n = constant) 

& ■ r [ 1 + <^ «(f.) + 0 (w)] 

{V = Vo = constant, n — constant) 

= £ f 1 +(*"*> + 0(*’)]. 

(V = Vo = constant, n = constant) 





Size of the Thermodynamic Degree 

Heretofore the size of the thermodynamic degree has been fixed by stating 
that there are 100 degrees between the ice point and the steam point, these 
two equilibrium temperatures being determined according to certain pre¬ 
scribed experimental methods. 

More recently the size of the thermodynamic degree has been fixed by 

stating the number of degrees between the absolute zero of the Kelvin scale 
and the ice point. 

In both methods of fixing the size of the degree the trend has been to 
replace the ice point which is attained in a rather complicated multicom¬ 
ponent system by the triple point of water (solid-liquid-vapor) defined to 
be exactly 0.01 °K higher than the ice point. 

Idealized Constant-Volume and Constant-Pressure Gas Ther¬ 
mometers 


In the idealized constant-volume (or constant-density) gas thermometer 7 
a definite mass n of a gas is enclosed in a bulb of invariant volume V 0 , 
the density of the gas being constant throughout the bulb. 

If the size of the degree is determined by specifying that there are 100 
degrees between the ice point and the steam point, the pressures p 0 , p m 
and p t of the gas are measured while the bulb is thermostated at the re¬ 
spective temperatures 0°, 100°, t'C. The mean constant-volume coefficient 
“■ ot thermal pressure increase from 0° to 100°C of the gas and the Centi- 



68 


STANDARDS AND SCALES 


grade temperature t v of the thermostat at t°C on the constant-volume scale 
of the gas, each for the gas density corresponding to a pressure p 0 at, 0°C, 
are defined by means of the relations 

Pioo = po(l + 10()a t ,) (7 = constant, n = constant) (28) 

Pt = Po(l + a v t „) (V = constant, n = constant) (29) 

where has the same value in both equations. Eq. (28) may be written 
PiooEioo = PqVq(\ -f- 100ar„) (T r ioo = Vo , n = constant) (30) 
_ PlW ~ Po _ p 100E100 — PoVo lr , jN 

“* -_ T6o£ - lOOpoF. (F .00 = V t ,n = constant) (31) 

and Eq. (29) written 

PtVt = PoV + a v t v ) (V t = Vo , n = constant) (32) 

U = —-— = — P^° (7, = 7 0 , n = constant) (33) 

a v po a v p 0 V o 

= ioo - p ± = ioo — r D' r i - — p °y. -. 

Pm — Po PxooVm — PqVq 

(V t = Vrn = 7o,n = constant) (34) 

Eq. (33) can be put into a more convenient form for the determination of 
gas temperatures near the zero of the Kelvin scale. Let T v be defined by the 
relation 

T, = /„ + (35) 

a* 

We might call T v the absolute temperature of the thermostat at t °C on the 
constant-volume scale of the thermometric gas for the gas density corre¬ 
sponding to a pressure p 0 at 0°C. Then from Eqs. (33) and (35) 

T v = — ^ (V t = Vo, n = constant) (36) 

oc v Po ct v poVo 

If the size of the degree is determined by specifying the Kelvin tempera¬ 
ture To of the ice point, the pressures po , p t of the gas are measured while 
the bulb is thermostated at the respective temperatures 0°, t° C. The abso¬ 
lute temperature T v ' of the thermostat at £°C on the constant-volume 
scale of the gas for the gas density corresponding to the pressure p 0 at 0°C 
is defined by the equation 

Pt = Tj_ 

Po To 


(V t = Vo,n = constant) (37) 
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which may be written 

T.' = To ^ = r, (T, = To, n = constant) (38) 

Pa Po V o 

The temperatures T v and TV are not equal for a gas at any finite density, 
since 1 /a v does not equal T 0 under these conditions. 

There are two forms of the idealized constant-pressure gas thermometer. 
In the first form a definite mass n of gas is enclosed in a bulb of variable 
volume, the pressure being constant throughout the system and having the 
value p 0 . 

If the size of the degree is determined by specifying that there are 100 
degrees between the ice point and the steam point, the volumes F 0 , V m , 
V t of the bulb are measured when the bulb is thermostated at the respective 
temperatures 0°, 100°, t° C, the pressure being brought to the value p 0 at 
each temperature by adjustment of the volume of the bulb. The mean con¬ 
stant-pressure coefficient a p of thermal dilation from 0° to 100°C of the gas 
and the Centigrade temperature t p of the thermostat at t°C on the constant- 
pressure scale of the gas, each for the gas pressure p 0 , are defined through 
the relations 


Tioo = F 0 (l + 100«p) (p = constant, n = constant) (39) 

V t = F 0 (l -f ccplp) (p = constant, n = constant) (40) 

where a p has the same value in both equations. Eq. (39) may be written 


PiooFioo = PoFo(1 + 100a p ) 

H- 

S 

II 

■e 

o 

= constant) 

(41) 

„ _ Eioo — F 0 _ piooFioo — poFo 
100Fo lOOpoFo 

(pioo — po , n 

= constant) 

(42) 

and Eq. (40) written 




PtVt = p 0 Fo(l T aptp) 

{pt = po, n 

= constant) 

(43) 

f _ Vt — Vo __ ptV t - poVo 
a pV 0 OipPoVo 

(Pt = po , n 

= constant) 

(44) 

- inn Vt Vo xoo VtVt ~~ PoVo 

T .00 - To 1UU p m V m - poTo' 


(45) 

(Pt = 

Piao = po , n 

= constant) 



If the size of the degree is determined by specifying the Kelvin tempera- 
ure To of the ice point, the volumes F 0 , V t of the gas are measured when 
the bulb is thermostated at the respective temperatures 0°, t° C, the pressure 
eing brought to the value p 0 at each temperature by adjustment of the 
vo ume of the bulb. The absolute temperature T p * of the thermostat at t °C 
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on the constant-pressure scale of the gas at the pressure p 0 is defined by the 
relation J 

V t Tp 

Vo = ~7\ (pt *= Po, n = constant) (46) 

which may be written 

T ' — T Vt _ rp PtVt . 

p ° Vo 1 0 poV o * (pi = Po, n = constant) (47) 

In the second form of the idealized constant-pressure thermometer, which 
corresponds more closely to the experimental instrument, a definite mass n 
of gas is enclosed in a bulb of invariant volume Ft connected by a tube of 
negligible volume to a pipette of variable volume v which is held at a 
constant temperature (say 0°C), the pressure being constant throughout 
the system and having the value p 0 . The method of operation is the same 
as for the first form of idealized constant-pressure thermometer except 
t at the pressure is brought to p 0 at each bulb temperature by adjustment 
of the volume v of the gas in the pipette. 

If the size of the degree is determined by stating that there are 100 de¬ 
grees between the ice point and the steam point, the volumes v 0 , vm , v t of 
the gas in the pipette (maintained at 0°C) are measured while the bulb of 
invariant volume V b is thermostated at 0°, 100°, t° C. The corresponding 
densities D 0 , Zhoo, D t of the gas in the bulb are by Eqs. (39) and (40), 

Dioo = D 0 /( 1 -f 100ap) (p = constant) (48) 

D t = D 0 /{ 1 -f a p t p ). (p = constant) (49) 

Ihe numbers of moles , riioo, n t of gas in the bulb at the respective tem¬ 
peratures 0°, 100°, t° C are 


no = Z)o0 6 + t’o) — DqVo = DqV b (50) 

n\oo = D 0 {V b + t'o) — DoVm = DiooV b (51) 

n t = D 0 (Ft v 0 ) — DoV t = D t V b . (52) 

Replacing Dioo and D t in Eqs. (51) and (52) by their values obtained from 

Eqs. (48) and (49) gives 


V b -f- fo = 


Vb 

1 + lOOap 


V b + Vo = 


Ft 

1 + OL p t p 


+ ^100 

(pm 

= po , n = constant) 

(53) 

4 - Vt 

(Pt 

= po, n = constant) 

(54) 
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where a p has the same value as in Eqs. (39) and (40). Thus 

1 t>ioo — Vo f . 

* “ 155 V, - (^00 - Vo) ip '°° = p0 ’ n = constant) (55) 

_ 1 V t - Vq . 

tp - — y b '— ( Vt — Vq -^ • = Pioo = Po , n = constant) (56) 

If the size of the degree is determined by specifying the Kelvin tempera¬ 
ture T 0 of the ice point, the volumes v 0 , v t of the gas in the pipette (at 0°C) 
are measured while the bulb is thermostated at 0°, t° C. Eq. (46) gives for 
the corresponding densities D 0 , D t of the gas in the bulb 


O t = D { 


T ' 

1 P 


(pt = Po , n = constant) (57) 


From Eqs. (52) and (57) we find 


TJ = To 


v b 


Vb — (Vt — Vo )' 


(Pt = Po,n = constant) (58) 


In the expei imental constant-volume or constant-pressure gas ther¬ 
mometer the pressure is measured on an instrument, a mercury manometer 
or for low pressures a hot wire manometer, which is situated outside of the 
thermostat surrounding the thermometer bulb and is connected to the bulb 
by a fine capillary. Thus a part of the system is at a temperature different 
from that of the bulb (or those of the bulb and pipette). Furthermore the 
walls of the system are strained because of changes in pressure and tem¬ 
perature, and the system is in a gravitational field. 

The observed quantities must be corrected for (1) the imperfections of 
the manometer system and (2) the deviations of the experimental from the 
ldeahzed gas thermometer. When pressures and volumes so corrected are 
substituted into the above relations, there result values of a, , l v , T, T ' 

tp ’ T \ "' hich de Pend on the kind of gas used and on the density or 

pressure of the gas at 0°C, and not on the imperfections of the expert 
mental instrument. y 

Introduction of the relations (25) to (27) into the expressions derived 
above give the following equations 


lim a v = lim a p — a = ~~~ 

po-o Po -o To 

lim t v = lim t p = t 


lim T, = lim T.' = lim T' 

po-o Po -o P(r * 0 



(59) 

(60) 
(61) 
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In these relations a is the thermometric coefficient a v or a p of a perfect gas, 
a = " ~ 100p ° ^ 10 ° = P° > or ^ 10 ° = ^o;n = constant) 


uRT ioo — nRTo 1 


(62) 


lOOnRTo 


Tt 


and is independent of the perfect gas and of the density; 7’ 0 is the Kelvin 
temperature of the ice point; and t is thermodynamic temperature on the 
Centigrade scale, the corresponding Kelvin temperature T being 

T = t + To (63) 


The extrapolation to zero ice point pressure indicated in Eqs. (59) to 
(61) may be accomplished for any thermometric gas by one of the following 
methods: 

1. Determination of the value of the quantity in question for several 
different ice point pressures and extrapolation to zero ice point pressure 
by graphical or analytical methods. No body of gas thermometric data in 
existence today is sufficiently accurate to warrant use of other than a 
linear relation for this extrapolation. 

2. Determination of the value of the quantity in question for one or more 
ice point pressures and correction for the deviation of the properties of the 
thermometric fluid from those of a perfect gas by means of 

(a) Isothermal compressibility data on the gas at 0°, 100°, t °C (or at 
0°, i° C). 

(b) Values of the Joule (for , t v , T v , T v ') and Joule-Thomson (for 
ct P , t p , Tp) coefficients for the gas. Since Joule coefficients are 
difficult to measure, the indications of a constant-volume gas ther¬ 
mometer can be reduced to zero ice point pressure from combined 
measurements of compressibility and of Joule-Thomson coefficients. 

Method (1) requires only gas thermometric measurements, method (2) 
requires, in addition, auxiliary thermodynamic data on the thermometric 
fluid. 


The Experimental Gas Thermometer 

Gas thermometers used to realize the Kelvin temperature scale have 
been described by a number of investigators. 8 A sketch of the instrument 9 
at the Massachusetts Institute of Technology is shown in Fig. 1. Ihe entire 
gas thermometer system was constructed in duplicate. There are three 
pressure systems to be considered: the main thermometer system, the 
auxiliary thermometer system, and the external pressure control system. 

Main Thermometer System. For a study of the temperature scale 
from the ice point to the sulfur boiling point with nitrogen as the thermo- 
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Fig. 1. Sketch of a constant-volume gas thermometer 


metric fluid, the thermometer bulb B was made of vitreous silica and had 
a volume of about 1000 ml. It was connected through a graded seal to a 
Pyrex capillary A' of 0.75 mm bore and 45 cm length. To the top of A' was 
soldered a stainless steel capillary D of 0.6 mm bore which led to a steel 
T-valve F, used for evacuation of the system and introduction of nitrogen, 
and thence to the short arm G of the main mercury manometer H. The 
two arms G and J of the manometer were of Pyrex glass of 21 mm bore, 
the short arm being 10 cm long and the long arm 1.7 meters long. They 
were selected for straightness, uniformity of bore, and freedom from optical 

»• | | • mi were mounted so that their axes were in the same 

vertical line. The two arms G and «/, the mercury reservoir L, and the 

mercury injector I (used for fine adjustment of the mercury levels in the 
manometer) were connected with each other in a steel block, the various 
parts of the system being separated by steel stopcocks as shown. The 
manometer was enclosed in an aluminum housing surrounded in turn bv an 

reJiLT°Th! K m 'L hiCh the aif WaS circulated and the temperature 
regulated. The air in the room was also circulated by a blower and the 

temperature regulated. 


Mercury levels were read to 0.001 mm by means of a comparator and an 

rzr The ;°T WaS darkened during a ~ementanda of 

hS aT “ ° P Systcm '‘° having a cylindrical lens, was directed from 
behind the manometer tube into the telescope of the comparator (see Fig. 2). 
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Fig. 2. Optical train for illumination of a mercury meniscus 

Auxiliary Thermometer System. The “dead space” correction for the 
region of large thermal gradient (the capillary A') was evaluated by use of 
the auxiliary gas thermometer 11 A , a Pyrex glass tube 5 mm bore by 45 cm 
long with a short length of capillary tubing of 0.5 mm bore sealed to each 
end. It was placed parallel to and close beside A’. The auxiliary thermom¬ 
eter tube was selected to fulfill the condition that the ratio of the area of A 
to that of A' in each horizontal plane was constant to within ±0.5%. To 
the top of the tube was soldered a stainless steel capillary C which led to 
the short arm P of the auxiliary manometer M. The two arms P and Q of 
the manometer, the mercury reservoir T, and the mercury injector R were 
connected with each other in a steel block through steel stopcocks as shown. 
This manometer was enclosed in a steel housing but was not especially 
thermostated. Mercury levels were read to 0.1 mm by means of a slider 
and steel scale S. 

External Pressure Control System. The gas thermometer bulb B and 
capillary A ', and the auxiliary thermometer bulb A were enclosed in welded 
steel cases connected at the top by the steel capillary E which led to the 
open mercury manometer N. Levels in this manometer were read to 1 mm. 
This system was filled with the same kind of gas as that used in the bulb B 
and the pressure adjusted to within 3 mm of the pressure inside B. 

Further details of construction, methods of calibration, and performance 
of this gas thermometer are discussed at length in the reference cited. 9 

Corrections of the Observations on a Constant-Volume Gas Ther¬ 
mometer for the Deviations of the Experimental from the Ideal¬ 
ized Instrument 

A sketch of the main thermometer system A to S and of the auxiliary 
thermometer system A a to S a is shown in Fig. 3. The following symbols 
are used in the relations derived below. 7 



GAS THERMOMETRY 


75 



General, p = pressure (standard mm of mercury). 

V = volume (ml). 

I = length (mm). 
a = area (ml/mm). 

T = Kelvin temperature. 

t = Centigrade temperature on the International Scale. 
n = number of moles. 

M = molecular weight of the thermometric fluid. 

C = second and third virial coefficients, functions of tem¬ 
perature, in the equation of state of the thermometric 
fluid: 

V ~ — RT + Bp + Cp 1 

$ Hg = standard density of mercury (13.5955 g/ml). 


( 64 ) 
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Practical Gas Thermometer, .r = distance along the axis of the ther¬ 
mometric system measured from A, the bottom of the bulb. 

a = a(x) = area of the section of the system at x normal to the axis. 

7r = 7r(.r) = pressure of the gas at x. 

p' = pressure at the crown of the mercury meniscus in the short 

arm of the manometer. 

0 = <t>(x) = hydrostatic head function at x defined by the relation 

7T = p’( 1 4- <£). 

p e = pressure in the case surrounding the thermometer bulb. 

6 a = S g (x) = density (moles/ml) of the gas at .t. 

T = T(x) = Kelvin temperature at x. 
d = 6(x) = angle between an arrow in the axis of the thermometer 

pointing in the direction of increasing x and one pointing 
vertically upward. 

I — vertical height, the algebraic sign being the same as that of 
cos 0. l b is the vertical distance from the center of the ther¬ 
mometer bulb to the beginning of the dead space. 
ho = height of mercury meniscus in the short arm of the manom¬ 
eter. 

h 3 = distance from crown of meniscus to index mark in short 
arm of manometer. 

a, n = area of short arm of manometer at the index mark. 
Subscript a denotes that the quantity applies to the auxiliary gas ther¬ 
mometer. 

Subscript b denotes the bulb. 

Subscript i denotes the t-th dead space: i — 1 is the region of large 
thermal gradient contiguous to the bulb, i = 2, 3, 4, • • • are the successive 
contiguous dead space regions, i = m is the dead space in the short arm 
of the manometer. 

Subscript n denotes the value of a quantity at the standard condition of 
calibration. We took: 

V bn = volume of bulb at 0°C and 1 atm. pressure inside and outside. 
Vi n = volume of t-th dead space (i = 1, 2, ••• m — 1) at 27°C and 
1 atm. pressure. 

Vmn = dead space volume in short arm of manometer above a hori¬ 
zontal plane through the index mark at 27°C and 1 atm. pressure increased 
by a quantity A, which is somewhat less than the smallest expected volume 

below the plane through the index mark. 

V b an = volume of bulb of auxiliary thermometer at 27°C and 1 atm. 

pressure. on 

V dan = volume of total dead space of auxiliary thermometer at Li O 

and 1 atm. pressure. 
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Subscript r denotes the nominal (integral) International temperature of 
the thermostat for a run. Thus if t b = 150.0018°, i r = 150°C. 

Idealized Gas Thermometer, p = pressure. It is equal to p' plus the 
corrections for the deviation of the practical from the idealized instrument. 

V = volume. It is equal to the volume of the practical instrument under 
the standard conditions of calibration, i.e., 



Properties of Materials. a b = mean coefficient of thermal dilation 
(1 /Vbn) (AV b /At)°C~\ of the material of the bulb from t bn ° to / r °C at 1 
atm. pressure; it is a function of temperature. 

a b = true coefficient of thermal dilation (l/V bn ) (dV b /dt)°C~\ of the 
material of the bulb at t r °C and 1 atm. pressure; it is a function of tem¬ 
perature. 

ft/760 = mean coefficient of cubical compressibility, — (l/V bn ) (AV b /Ap) 
mm -1 , of the material of the bulb from 0 to 3 atm. at t r ° C; it is a function of 
temperature. 

76 = mean dilation, AV b /(p b — p e ) ml/mm, of the bulb at t r °C produced 
by difference between internal and external pressure; it is a function of 
temperature. 


a,- = mean coefficient of thermal dilation (°CT l ) of the material surround¬ 
ing the t-th dead space (i = 2, 3, 4, • • • m) from t in ° to t° C. 

To = covolume of mercury meniscus, i.e., gas volume below a hori¬ 
zontal plane through the crown of the meniscus. 


General Relations. The number of moles of gas in the practical gas 
thermometer, constant throughout all runs of the same ice point pressure, is 

f s 7 radx 

U ~~ L RT + Btt + Ctt 2 ( 65 ) 

_ f S a (l + <t>)dx , f s 

h RT + B( 1 + 0)p' + C(1 + = p J A * dx ' ( 66 > 

In the equivalent idealized gas thermometer at the temperature T b 


pV 

RT b + B b p + C b p* ’ 

Equating these two expressions for n and solving for the corrected 
pressure p y we obtain: 

' - ¥ [/: ^+ ¥ (/; 

, + RTi Cb)y n /f'^V 1 (68) 

T" ■ l J A ^ dX ] -J- ’ ‘ * . 
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Since <t> is very small we may write 







Substitution from Eq. (69) into Eq. (68) gives 



The expression enclosed in the second set of braces consists of two groups 
of terms of opposite sign, each group enclosed in a bracket. These higher 
order terms cancel completely for the gas in the bulb (A to C of big. 3) 
of the thermometer which contains practically all of the gas, and partly 
cancel for the gas in the dead space. If we drop these terms, subtract p' 
from each side of the equation, add and subtract the term 



to the right-hand side, and correct p to an integral bulb temperature, we 
obtain 

p — p' = 64 + 65 + 5e -T ^7 + (71) 


where 


64 


I 5 

_ p^lb r <t>a _ gravitational correction. (72) 

V J a T 

= 1L £ J adx — yj = correction for variation of the volume of 


the system on the assumption that the gas is ideal. 

= T, — dx — / a dx = correction for variation 

VI h T Ja J 

perature of the system on the assumption that the gas is ideal. 


of tem- 


( 74 ) 
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* - 4? $ (/; ? *y - 1 


Ba 


a T 2 

for the imperfection of the gas. 


]- 


dx = correction to (65 + S 6 ) 


(75) 


= pooc v (tr — h ) = correction to an integral temperature, t r . 


(76) 


Gravitational Correction, 64 . The gravitational correction, Eq. (72), 
can be put into a form convenient to evaluate from measured elevations 
and temperatures. Now 


L dir = ~l 


Mb. 


'He 


cos 6 dx. 


Thus 


7 r = p( 1 + <*>); <t> = 


E £fi 

S H g p' 


cos 0 dx 


RT + Bit + Ctt 2 * 


Let 


(77) 


(78) 


- = 1- 
v' 


B = C = 0 


(79) 


in the integrand of Eq. (78). Then 


<t> = 


il/ 


R6 


He 


/; 


cos 0 


dx. 


(80) 


The assumptions of Eq. (79) are justified since the maximum value of <f> is 

1 x 10 4 and its value is much smaller than this for the bulb which con¬ 
tains practically all of the gas. 

Substitution of the value of 0 from Eq. (80) into Eq. (72) gives 


r. 


M 

,Rb H 


f s cos 6 , \ a 

; L ~t dx ) t 

S 


= 1.1795 X 10“V 


dx 


(81) 


dx 


(82) 


HU?*)* 

= 1.1795 X VS+Ujt {y [~ + 1“ rfx + 

?■ [t ?: (A +& m »> 

vnhZ CD < It t u e iu 6gi ? 11 ° f largG thermal gradient < see Fi e- 3). Since the 
lume of the bulb is large compared to the volume of the dead space, Eq 

may be written ** 


+ 


T b 


L 


cose „ , 

Y~ dx + 




L Tb 


L 


cos 6 


dx -f- 


±.k 1 

2 ‘ rj • 


(84) 
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In a later section it wall be shown that 



where l/Ti is evaluated by the use of the auxiliary thermometer A a S a . 
Thus 



1.1795 X 10 _6 iV 


pV 6 


V 


A 

T b 


+ 




The lengths 1 b and U depend on temperature and the method of suspension 
of the thermometer bulb, and l, n depends on /i 3 . 

Correction for Volume and Temperature Variations, and 5 6 . 

Eqs. (73) and (74) may be written: 


h = ^ [(n - + (j c D adx- Vm) + ti (v< - r.n)] (87) 

*• - v [( n f, °r d *- f - *)+?• r <(S - 0] • m 

For the region of large thermal gradient CD the sum 

('• + *•)„-\( T * C r*- v ") » 

<30) 

where V\ n is the volume of the region of large thermal gradient at standard 
conditions and \/T\ is evaluated by use of the auxiliary thermometer. The 
derivation of Eq. (90) is given in a later section. 

Thus 


<5 6 = \ [(F* - V bn ) + Zi (Vi - F,n)J 

We may write with negligible error 

Vb - Vbn = Vbn [«,(f, - (bn) + Ob'db - ( r ) - ^ (?' - 700)] 

+ yb(p — P<) 


(91) 

(92) 



(t = 2, 3, 4, • • ■ m - 1) 


Vi — V i n = Vi n Oli(ti — tin) 


(9-1) 
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— 1 mn&mfym tmti) AI 


m 


= a m hz + V e — A. 


(95) 

(96) 


The quantity Al n is the increase in tlie volume below a plane through 
the index mark in the short arm of the manometer from the value A. 
For manometer tubes 20 mm in diameter we took A to be 0.1 ml. Then 
( a mh 3 + F c ) is always larger than A so that AF m is always positive; and the 
value of 8 b is much less than if we had considered AF m to be the total 
quantity (a m h -f V c ). 

Correction to 65 and Sg for the Departure of the Thermometric 
Fluid from a Perfect Gas, 67 . Eq. (75) can be written 



The first integral can be evaluated as 




and the second approximated as 



B x V ln 

TV 




by use of the indications of the auxiliary thermometer, where B 1 is the value 
of the second virial coefficient of the gas at T x . 

Carrying out the indicated operations and dropping the squares and 
products of small terms, we obtain 



where F< signifies V Xn for i = 1. If we put the ratio V b /V = 1 the error 

is of opposite sign and of the same order as that made in the terms dropped 

when either error is at all appreciable; also T r can be written for T b with no 
perceptible error. 


Hence Eq. (100) may be written 


'2 

Sl ~ RV 


w 


V b - V 

T r 


+* ?. 0 - r.p m aoi) 


where B r is the value of B at T r . 

thfthp^Tt* 0 a “ I “ tegra ) Tcm P erature ’ The temperature t b of 
he thermostat surrounding the bulb of the thermometer will in general 
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differ from the nominal temperature t r of the run by several thousandths of 
a degree. The correction for this effect is 

h = Poa v (t r - t b ) (102) 

where p 0 is the ice point pressure for the run and a v is the mean constant- 
volume coefficient of thermal pressure increase from 0° to 100°C of the gas 
for an ice point pressure p 0 . 

Summary of Errors Introduced by the Approximations. In the 

above derivations certain higher order terms have been dropped and other 
approximations made. The errors of the final expressions have been com¬ 
puted for the following cases: 

Case I. A nitrogen gas thermometer with a bulb of Jena 1G 111 glass or 
vitreous silica loaded to a pressure of 1000 mm at 0°C and used from 0° to 
450°C. The ratio of the dead space to the total volume is taken to be 0.005 
with 5% of the dead space in the region of large thermal gradient, 20% in 
the connecting capillaries at room temperature, and 75% in the short 
arm of the manometer. The vertical height of the part of the system at 
the temperature of the bulb is taken to be 250 mm, that part in the region 
of large thermal gradient 500 mm, and that part at room temperature 
— 500 mm. 

Case II. A helium gas thermometer with a bulb of Jena 16 m or of Jena 
1505 1,1 glass loaded to a pressure of 1000 mm at 0°C, and used from 100° 
to — 200°C; and one loaded to a pressure of 1000 mm at — 183°C and used 
from —183' to — 260°C. The dead spaces and heights are taken to be 
the same as in Case I. 

The maximum error of all approximations made in deriving the fore¬ 
going equations are —8 X 10~ 4 mm of mercury for Case I and —1 X 10 
for Case II. In addition there is the error of the evaluation of the correc¬ 
tions for the region CD of large thermal gradient by use of the indications 
of the auxiliary thermometer. This effect will be considered below. 

Other Sources of Error. Other sources of error that must be considered 
in the design and operation of a gas thermometer are: 

(1) Calibration errors. 

(2) Errors in the assumed properties of materials, especially in the co¬ 
efficient of thermal expansion of the material of the bulb. 

(3) Hysteresis in the properties of materials, especially in the effect 
of pressure and temperature on the volume of the bulb. 

(4) Aging effects, especially the effect of time on the length of the scale. 

(5) Passage of gas through the walls of the thermometer system. 

(G) Adsorption of gas on the walls of the thermometer bulb. 

(7) Thermal diffusion pressure. 

The thermal diffusion pressure can be estimated from an equation 12 which 
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has been tested for helium from room temperature to liquid helium tem¬ 
peratures. For nitrogen in a tube of 0.70 mm bore, one temperature being 
450° and the other 27°C, the computed effect is 5 X 10 -4 mm of mercury 
for a pressure of 871 min (p 0 = 333 mm), and 2.5 X 10 -4 mm for a pressure 
of 1569 mm ( p 0 = 600 mm). 

Theory of the Auxiliary Thermometer. In the foregoing sections 
there occurred three expressions 


6acd = 1.1795 X 10~ 6 M 


p'V b 


L 


cos 6 


dx 


(103) 



for the region of large thermal gradient CD. This gradient may be quite 
large so that the device of segregation of CD into several regions essentially 
isothermal and evaluation of the integrals as sums of terms would require 
many terms and thus a prohibitive amount of labor. The three integrals: 




cos 6 


dx, 



(106) 


can be evaluated, the first two quite exactly, and the last approximately 
by use of the auxiliary gas thermometer A a 5 a . ’ 

For the nitrogen thermometer of Case I at 450°C, 8 iCD = 0.1 mm 

(«& + $6)cd = 0.4 mm, and 8 7CD = 0.003 - 0.0015 = 0.0015 mm. 

A theory of the auxiliary thermometer has been outlined by Henning. 13 

The relations derived above for the main thermometer can be applied 

with some simplifications to the auxiliary thermometer. In Eq. (66) let us 
place 
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r an 



+ V dan 



(HD 


The volume of the bulb is assumed to depend only on temperature; and that 
of the dead space is assumed to be constant. The coefficient of thermal 
expansion of the material of the bulb is the same as that of the capillary 
CD of the main thermometer. 

In order to calibrate the auxiliary thermometer for the evaluation of 
the integrals of Eqs. (103) to (105), the bulb A a D a is thermostated at the 
standard temperature T ban and the pressure p an ' and mean temperature 
Tdan of the dead space determined. From Eq. (108) we find 



where is a constant for all runs made with a given loading of the auxiliary 
thermometer. 

When the auxiliary thermometer is used in a gas thermometer run, the 
pressure p a ' and the mean temperature T da of the dead space are deter¬ 
mined. Then 



Eqs. (112) and (113) give 



* V 

^an y an 




(114) 


Let the capillary CD of the main thermometer and the bulb A a D a of the 
auxiliary thermometer fulfill the conditions that in every horizontal plane: 

T (x) = T a (x„) (H5) 

a (x) = lc a a (x„) (116) 


where k is independent of x and of temperature. Then 



(117) 




(118) 


( 119 ) 
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since the coefficients of thermal dilation of CD and A n D a are the same. Sub¬ 
stitution from Eq. (114) into Eq. (110) gives 


f a f J r _ f^anVan V ' dan\ V In 

Jc T • V P«' ~T7jvZn' 


( 120 ) 


Let 


_ r an 

L s _ p7_TV 

T\ Vban \ Pa Tda ) 1 — r an 


( 121 ) 


The quantity \/T x is the reciprocal temperature along A a D a , hence by hy¬ 
pothesis that along CD, averaged with respect to area. Then 


/ 


D 

“ (lx = Ii? 

c T Ti ' 


( 122 ) 


If the bore of CD is uniform 


/ 


cose 

c T X - TV 


(123) 


Finally let B/T he constant for the gas in CD and have its value BJT,. 
at Ti . Then 


/ 


Ml (lr _ 

C T 2 ~TJ~' 


(124) 


as 


The integrals given at the beginning of the section can now be evaluated 


S,cd = 1.1795 X l(T 6 il/ Eli Ji 

Tf m 


F 7 1 , 


(*‘ + ie ) CD = y r,„ Q) - lj 

= P Cr _ ti t"u\ 

'37 r ~fT)- 


(125) 


(126) 


(127) 

The error introduced into Eqs. (125) to (127) by the assumption that k of 

fp q ' ^ 18 . 1 ? d ® penclen t of x can be eliminated for any one thermostat 
temperature if the areas and corresponding temperatures of CD and A D 

are known as funct.ons of the respective coordinates * and *.. At the IS 

of A J) HIT engt ^ °r CD t0 be associated with the short capillary ends 
natl ' Computation has shown that if the error is elind- 

■„ d for the thermostat temperature farthest from room temperature it 
wiU also be ekminated for aU other temperatures. temperature lfc 

rom a plot of the temperatures indicated by thermocouples (placed 
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along CD) against .r, we can determine the temperature at the middle of the 
m one-centimeter segments of CD, each assumed to he isothermal. The most, 
important integral of Eqs. (103) to (105) to be evaluated in order to obtain 
the Eqs. (125) to (127) could then he computed as the sum 



where Vj and Tj are the volume and Kelvin temperature of the j-th one- 
centimeter segment of CD and T r is the nominal temperature of the thermo¬ 
stat. If I: is actually constant 



where 


(129) 


m m 

Tj = T ai , Vln = T,i V»S, = E. V ani (130) 

1 1 

and V a j is the volume of the j -th one-centimeter section of the bulb of the 
auxiliary thermometer. The assumptions made are: (1) Tj = T a j , and (2) 
the coefficients of thermal dilation of Vj and V aj are the same ( j = 1,2, • • • 
?n). By slight adjustment of the length of the top or bottom section of CD 
or both, we can cause Eq. (129) to be completely satisfied. This new length 
of CD is then taken as the value of h at T r from which lu can be computed. 

Performance of the Auxiliary Thermometer. With the elimination 
of the error caused by lack of constancy of k in Eq. (116), there remains the 
error introduced by the approximations, Eq. (107), in the calculation of 
\/T\ by Eq. (121), and those introduced by the following assumptions: 
(1) the equality of T and T a in each horizontal plane; (2) the constancy of 
the area a of the capillary CD; and (3) the equating of B/T for the gas in 
CD to B\/T\ . The sizes of these errors were determined for the gas ther¬ 
mometer of Fig. 1 by determination of the values of $ 4C d , ($& + fo)cD and 
b-,cD from Eqs. (125) to (127) where \/T\ was evaluated from the auxiliary 
thermometer by Eq. (121); and from Eqs. (103) to (105), the integrals being 
evaluated as sums of 45 terms, each for a one-centimeter segment of CD. 
When t r was 444.6°C and the ice point pressure of the main thermometer 
was 600 mm of mercury, the errors in S 4 C d, (5s + h)cD , and b-, C D "'ere 
3 X 10 -4 , 25 X 10 -4 , and 1 X 10~ 4 mm, respectively, a total of 0.003 mm 
which is within the probable error of the thermocouple method. When U 
was 180°C, these errors were 1 X 10 4 , 3 X 10 4 , and 0 X 10 mm, re¬ 
spectively, a total of 0.0004 mm. The errors fall rapidly with decreasing 

temperature difference from room temperature. 

Calculation of a r , t,, T„ and 77. Substitution of the pressure p from 
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Eq. (71) corrected for the deviations of the experimental from the idealized 
constant-volume gas thermometer into the Eqs. (31), (34), (30), and (38) 
give a,., ( t -, T r , T/ respectively. The correction of these quantities for the 
deviations of the thermometric fluid from a perfect gas is considered below. 


Correction of the Observations on a Constant-Pressure Gas Ther¬ 
mometer for the Deviations of the Experimental from the 
Idealized Instrument 


The thermometer system shown in Fig. 3 could be converted to a con¬ 
stant-pressure gas thermometer by inserting a pipette of variable volume 
maintained at a constant temperature T 0 between H and I. In the corre¬ 
sponding idealized thermometer let V b be the (constant) volume AC of the 
bulb at T b , and v the (variable) volume CS of the connecting capillaries 
and the pipette at 7«. Applications of Eqs. (66) and (67) to the system give 


PoV b 


+ 


PoV 


RT b -j- B b p 0 + C b pd 2 ' RT 0 + B 0 po -f- Capo 2 

a(l + <f>)dx 


- P ' r_ 

y Ja rt 


(131) 


* RT + 5(1 + *)p' + C( 1 + <t>y-p '** 
Solving for v and substituting from Eq. (69) gives 


v 


_ RT 6 p 


L RT dx 


. _ Y*p? 


Bapo f s a 

RT b p f ^ RTo J A RT X 


-p’ f *L dx -X«Pi 

P Ja R*T'- aX R Th p 
Let 


: ( B 0 

' \RT« 


Bb 
RT b 


) + L 


<pa 


+ I 


(132) 


V ~ Y,i + V Be , 

where v H , is the volume of mercury run out of the pipette. Then 

»-!>' = «, + J,., + a i 2 + 6, + S, + S a , 

where: 


S 4 = 


_ P'T< 


Po 


f s 0a , . 

J A T gravitational correction. 


5s 1 Po [r, (L a dx Vb ) + (l c aclx ~ »')] = correction 

JkSiS* 6 of the system on the 


(133) 


(134) 

(135) 


( 136 ) 
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65.2 = ~ ^- + v'j ^1 — = correction for deviation of p' 

from po on the assumption that the gas is ideal. 

' r rS T f c f s T 

= — 7 ’ 0 / ^ dx — 77 T / a dx — a dx = correction for 

po L j a i IbJ.i Jc J 


variation in temperature of the system on the assumption 
that the gas is ideal. 


5 7 


p ~ f" B 0 po f s a f s Bo T r To po (Bo B b \ 

-TfclfL t dx - T «l r- llx - Vb nArr tJ\ 


rvA-TL t ax ~ 1 0 J A F ax - v 'ti‘piKTo-* 

= correction to ( 6 5 .i + 65.2 + d 6 ) for the imperfection of the 
gas. 


5g = 


y a fji 2 

b< ? p . t — (t r — tb) = correction to an integral temperature, t r 

1 b~ 


(137) 


(138) 


(139) 


(140) 


Further reduction of the above equations can be carried out in a manner 
similar to that employed in the last section for the constant-volume gas 
thermometer. 

Substitution of the corrected volume v given by Eq. (134) into the Eqs. 
(55), (56), and (58) gives a p , t p , and T p . 

Corrections for the Deviations of the Thermometric Fluid from a 
Perfect Gas. The values of the thermometric coefficients a v , a p and of the 
gas temperatures t v , t p , T v , TV, T p computed by the methods outlined 
above depend on the thermometric gas and on the ice point pressure of the 
run. The correction of these quantities for the nonideality of the gas in older 
to obtain the thermometric coefficient a (= 1 /T’ 0 ) of a perfect gas, the 
Centigrade thermodynamic temperature t, and the corresponding Kelvin 
temperature T is accomplished by finding their limits as the ice point 
pressure approaches zero, see Eqs. (59) to (63). There is a rather extensive 

literature on this subject . 14 

Correction from Second Virial Coefficients. The second vinal coeffi¬ 
cient B of Eqs. (25) to (27) can be computed from gas thermometric meas¬ 
urements if several series of runs are made at different ice point pressures 01 
from the isothermal compressibility data of other investigators. Sub¬ 
stitution of the ratios of the pressure-volume products pwol 100 /Pol 0 and 
PtVt/poVo from Eqs. (25) and (27) into Eqs. (31), (34), (36), (38), (42), 
( 45 ), and ( 47 ) gives the following results: 


a = a v — (1 + 100 a) (B 100 Bo) yqqRTo 


(141) 
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t = t v (5,oo — 5 0 )7W — ( B t — 5 0 )100T 


100 5T 0 


(142) 


T = T v + (5,oo - 5o) TmT - (5, -5 0 )100T 


1005T 0 


r = Tj - {B t - 


B ° )T w, + 


a = ct p — B 


- 5 0 (1 + 100a) 


1005 T 0 


t = t p -f* (5,oo — 




T' = Tp - (5 t T 0 - B 0 T) 


5 T 0 


(143) 


(144) 


(145) 


(146) 


(147) 


To the degree of approximation used in the above expressions we may 
make the following substitutions on the right-hand side: 

(1) Replace a by a v or a p 

(2) Replace t by t v or t p 

(3) Use 273.16 (or 273.15) for T 0 , 373.16 for T,oo, and (273 16 + / ) 
or (273.16 + t p ) for T. 

As mentioned earlier the present accuracy of gas thermometric measure¬ 
ments does not warrant inclusion of the higher order terms (those in p 0 2 ) 
but such relations have been published. 7 

Correction from Joule and Joule-Thomson Coefficients. Let v be 
the Joule coefficient and p the Joule-Thomson coefficient of a gas, 


- -(a 


and u 


- (a ■ 


(148) 


and let us define the quantities 

^ = yCv and er = pC p . (149) 

Sin«> accurate experimental determinations of the Joule coefficient » have 
SaTrS SS! X “ y b ' e “ P "‘' d ' “I tuutpressibility 


x - - mi ■ 


(150) 


“ dica ‘ io "f of » constant-volume gas thermometer can be corrected 
lor the imnRrfpptmn nf iKo ^ n.* 1 « . cctea 


imperfection of the thermometric fluid by use of the relation 

* - Ma=Kfix - > --[gsi. 


( 151 ) 
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Thus 



(1' = constant) (152) 


Integration from 7’ 0 to T m at constant volume and from 7’ 0 to T at constant 
volume gives 


Pioo 
T ICO 

V}_ 

T 


_ Po = _ f Tl 

To Jt 0 

_ Po = _ f T > 

T I ' 

In J Tr. 


00 


\ri 




(T = Vo = constant) (153) 


(V = l'„ = constant) (154) 


For the corrections of the indications of the constant-pressure gas ther¬ 
mometer let 




( p = constant) (156) 


Integration from T 0 to 7’ioo at constant pressure and from To to T at constant 
pressure gives 


- T = -/ < 7<I (y') (P = Po = constant) (157) 

i ICO io J T o \i / 

y - ~ = -J t <rd Q,) • (p = Po constant) (158) 

Substitution of the values of pm/po and pt/po from Eqs. (153) and 
(154) into Eqs. (31), (34), (36), and (38) for the constant-volume gas 
thermometer, and the values of Fioo/Fo and V t /Vo from Eqs. (157) and 
(1.58) into Eqs. (42), (45), and (47) give the following equations: 


, i + ioo« 

100 apn Jr. \T t 

) 

(159) 



( 100 ) 



(161) 

r - T -+S T 0 J (r) 


(162) 
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1 + 100 a f T,0 ° 

100aF„ 


<* = «p + [ <rd[ 4 

J r o 


t — tp-\~ 


T 0 


IOOFo L 


T' = T 


+ — 7 

^ V* 


a) 

['oor/;..(!)- 


(163) 


tpT 


100 


c-<i) ] 


(164) 


(165) 


In the use of these relations, we may make the substitutions listed im¬ 
mediately beneath Eq. (147). 

As mentioned above no accurate, directly measured Joule coefficients are 
available. Moreover the corrections for gas imperfections derived from 
measured Joule- Ihomson coefficients do not always agree with those found 
from second virial coefficients. 16 

Comparison of the International Temperature Scale with the 
Centigrade Thermodynamic Scale in the Range 0° to 444.6°C 

Because of the experimental difficulties encountered in the realization 
of the Kelvin temperature scale by means of gas thermometers, the Seventh 
General Conference on Weights and Measures adopted 17 in 1927 a practical 
scale, called the International Temperature Scale, which in the range from 
the ice point to 660°C is based on the indications of a standard platinum 
resistance thermometer, an instrument of high precision and reproducibility. 
The International Scale was designed to agree with the Centigrade thermo¬ 
dynamic scale as closely as possible. In the above mentioned temperature 
range platinum resistances are to be converted to International tempera¬ 
tures, written °C (Int.), by means of the Callendar 18 formula 


*°C(Int.) = 


a = 


_ Rm — R{ 

10072o 



(166) 

(167) 


* ' '- / J 

where R a R m , R t , ft, are the resistances of the platinum wire at the re- 

tn t( ; mper r es °° (the ice p ° int) - io °° (the st “ point), <», t 3 °c 

he latter bemg the normal sulfur boiling point to which the value 444 6°C 

form t 18 : A standard platinum resistance thermometer must con- 

t0 certain details of construction, and the purity and physical condi 

R /V h h \\ ? latmu ” Wlre must be such th at the ratio of the resistances 
fo'rfi ^C 0 139 ° f ° r 4 = 100<>C and not less than 2.645 

Many comparisons of the indications of platinum resists tn 
ters w.th those of gas thermometers from 0° to 1000°C have 
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either directly, 1 J or through the intermediary of mercury thermometers 20 
(0° to 100°C) or of certain fixed points," 1 such as melting points of metals 
and boiling points, whose values on the thermodynamic scale have been 
determined" by gas thermometers. These measurements have been con¬ 
sidered elsewhere. -3 A fair statement of the situation at the time of the 
Symposium on Temperature—Its Measurement and Control in Science 
and Industry in 1939 is that of Mueller 24 : “Later investigations . . . have 
only served to show that gas thermometry in the range from 0 to 630°C 
is not yet sufficiently precise to determine that the [Callendar] formula is 
inadequate.” 

In the first revision ° of the International Temperature Scale by the 
Ninth General Conference on Weights and Measures in 1948 the values of 
the three fixed points were left unchanged but a resolution defining the zero 
of the Centigrade scale to be 0.0100 degree below the triple point of pure 
water was adopted. Somewhat more severe conditions were imposed on the 
properties of the platinum wire in that it must fulfill the conditions that 
the ratio R t /Ro be not less than 1.3910 for t = 100°C. The range of the scale 
defined by platinum resistance thermometers calibrated at the three fixed 
points was reduced so as to extend from the ice point to the freezing point 
of antimony (G30°C). 

In the period from 1930 to 1937 we compared the indications of platinum 
resistance thermometers with those of constant-volume nitrogen gas ther¬ 
mometers from the ice point to the sulfur boiling point. 

The platinum resistance thermometers were constructed 26 in accordance 
with the specifications of the Seventh General Conference on Weights and 
Measures, and their values of a ranged from 0.003917 to 0.003922 and those 
of 5 from 1.491 to 1.49G (see Table III, Reference 23). 

During this investigation the reproducibilities of the ice point and the 
triple point of water were studied, 2 ' and the value of the latter fixed point 
was determined by means of a multijunction thermocouple. Also methods 
now accepted as standard were worked out for reproducing the steam point, 
mercury boiling point, and sulfur boiling point, and the variation of these 
temperatures (on the International Scale) with the applied pressuie 

measured. 

The nitrogen gas thermometers and methods of correcting for the non- 
ideality of the experimental system and of the thermometric fluid ha\e 
been described above and are given in greater detail elsewhere. Duiing 
this investigation the thermal dilation of vitreous silica and of mercury 
were measured 29 and the available methods of determining the capillary 

constant of mercury in a manometer studied. 

The original observations are given and corrected for the nomdeali y 
of the experimental thermometer in a former publication. Preliminary 
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results on the Kelvin temperature of the ice point and the Centigrade 
thermodynamic temperature of the mercuiy boiling point and sulfur 
boiling point were presented 30 at the 1939 Symposium on Temperature. 
Also an equation, based on this preliminary reduction of the measurements, 
for the relation of the International to the Kelvin scale was communicated 
to the Ninth General Conference on Weights and Measures through Dr. 
H. F. Stimson." 3 Our final results for the Kelvin temperature of the ice 
point and for the difference between the Centigrade thermodynamic scale, 
(, and the International Temperature Scale, J(Int.) are given in Table 1 
and are represented by the equation 

t - /(Int.) = (0.0410G - 7.363 X 1(T 6 /,) QQ (A - 1^ , »C (168) 

where ti is written for t° C (Int.). The error of replacing ti on the right-hand 
side of the equation by l is inappreciable. A plot of the values given by 
Eq. (1G8) is presented in Fig. 4. The temperatures indicated by the two gas 
thermometers, designated red and green, differ systematically one from 
the other, these differences being given in the next to the last column of the 
table and increasing to 0.04°C at the sulfur boiling point. The deviations 



, nt f!° T , f' P1 °‘ of , thc difference between Centigrade thermodynamic temneraturr 
d International temperature t (Int.) as given by Eq. (168). 



94 


STANDARDS AND SCALES 


Table 1. Deviation* of the International from the Centigrade 

Thermodynamic Temperature Scale 


At 

= t — /(Int.) 

= (0.04106 

- 7.363 X 

10-s/,) 

\ 100/ V 100 )' 

°C 



0° 

< /i < 444.6°C 




t 

Si X 10* 

St x io* 

St X 10* 

si x io* 

S(Sl) X 10* MSI) x 10* 

S(St) X 10* 

°C( Int.) 

red 

Kreen 

avc. 

ealed. 

obsb.-calcd. 

red-green 


25 

-67.6 

-89.8 

-79 

-74 

-5 

+22 

-2 

50 

-110.0 

-93.0 

-102 

-93 

-9 

-17 

-3 

75 

-56.2 

-64.0 

-60 

—67 

+7 

+8 

-2 

150 

+221.8 

+220.6 

+221 

+225 

-4 

+ 1 

+7 

200 

604.0 

557.9 

581 

527 

+54 

+46 

+ 17 

250 

920.7 

814.4 

86S 

849 

+ 19 

+ 106 

+31 

300 

1243.3 

1032.1 

1138 

1138 

0 

+211 

+46 

356.58 

1490.2 

11S5.5 

1338 

1355 

-17 

+305 

+63 

400 

1544.1 

1217.3 

1381 

1393 

-12 

+327 

+77 

444.6 

1480.6 

1080.9 

1281 

1275 

+6 

+400 

+90 

To, °K 

273.1732 

273.1596 

273.166 






• M from the earlier equation- 5 minus A/ from Eq. (168). 


of the observed values of At from those calculated from the equation are 
less than the uncertainties in the observed values. 

Keyes 31 found that use of a preliminary equation for the difference 
t — t (Int.) differing somewhat from Eq. (108) increased the correlation of 
the properties of water along the saturation line through the Clapeyron 
equation. 

It should be noted that the differences At listed in Table 1 were derived 
from gas thermometric measurements that gave the value 273.106 for To. 
If the size of the Kelvin degree is changed without a corresponding change 
in the size of the degree on the International Temperature Scale, the values 
in Table 1 would be changed. 
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6. THERMODYNAMIC TEMPERATURES 
OBTAINED FROM P-V ISOTHERMS OF 
He GAS BETWEEN 2° AND 4° K* 


William E. Keller 


University of California Los Alamos Scientific Laboratory 


One of the most reliable methods for determining thermodynamic tem¬ 
peratures consists in the extrapolation of P-V isotherms of a gas to zero 
pressure (or density). The method depends on no reference temperature, 
but on the choice of the correct value of the gas constant, R . The accuracy 
obtainable is limited by the extent to which the experimenter minimizes 
errors in pressure and volume measurements and fluctuations of the gas 
temperature. It was from data obtained by this method that Kistemaker 
and Keesom 1 first suggested that the temperature scale below 2.2° K, based 
on the He 4 vapor pressure, contained serious errors. Subsequent measure¬ 
ments by Kistemaker 2 on the He 4 vapor pressure and by Erickson and 
Roberts using magnetic techniques have confirmed the original suggestion 
and extended the temperature range of the scale to which corrections must 

be applied. These latter data, however, were obtained relative to some 
reference temperature. 

Recently in this laboratory the P-V isotherms of He 4 below 4° K have 
been subject to careful reinvestigation, and work is progressing on the iso¬ 
therms of He 3 . Although the main object of the experiments has been to 
obtain accurate knowledge of the equation of state of these gases, important 
results have been found pertinent to the errors contained in the tempera¬ 
ture scale now widely used for the helium region—the “agreed” or 1948 
scale. 4 


The apparatus employed for these measurements contains several fea- 
ures not generally used previously in low temperature P-V-T work the 

cen arnfm p0rtant ° f Whioh (1) a valve 0,1 the lo "’ temperature gas 
t u he “in , a n aP T, PreSSUre thermometer, with a vacuum-jacketed lead- 

Se ce lTh d T y < mt ° ! hS g3S CelL The Valve P e '™t S the test gas in 

the necessitvTor m v” 'a ** 110X10118 Volumes ' thereby eliminating 
e necessity for making “dead space” corrections. The vapor pressure 

* Work performed under the auspices of the Atomic Energy Commission. 
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thermometer assures that the temperature of the test, gas is measured inde¬ 
pendently of the temperature of the He bath, the temperature inhomoge¬ 
neity of which is particularly annoying above the X-point; at the same time 
it permits the calibration of a convenient thermometric substance—the 
saturated vapor pressure of He 1 or He 3 —against the thermodynamic temp- 
perature obtained from the isotherm data. (Details of the apparatus and 
results on He 4 are given in reference 5.) 

Five isotherms of He 4 gas have been measured, at 3.961°, 3.348°, 2.862°, 
2.324°, and 2.154°K, and it was found that each of these could best be 
represented by the equation 


PV/N = RT{ 1 + BN/V) 


( 1 ) 


where P is the pressure, T the temperature, V/N the molar volume, R the 
gas constant, and B the second virial coefficient. The data for each of the 
isotherms was analyzed using the method of least squares with two un¬ 
known constants, A = RT , and B. A summary of the analyses is given in 
Table 1. Inclusion of a third term in the virial expansion is unwarranted 
by the data in that the amount of curvature introduced is of the same order 
of magnitude as the scatter of the individual points of each isotherm (ef. 
line 6, Table 1). That Eq. (1) is entirely adequate for describing the iso¬ 
therms may be demonstrated by comparing values of the density of the 
saturated vapor obtained by extrapolating Eq. (1) to P 8at (line 7. Table 1) 
with those obtained recently by Berman and Swenson 6 from latent heat 
measurements: a smooth curve fits all the data nicely. Furthermore, a plot 
of the experimental B's vs. T shows a smooth curve having the same shape 
as theoretical curves calculated from either a Leonard-Jones 6-12 potential 7 
or a Slater-Kirkwood exp-6 type potential. 8 In other words, if the constants 
for either of these potentials are adjusted to fit any one of the experimental 
points, the B-T curve will fit all the rest also. 

From values of A (line 1, Table 1) the thermodynamic temperature of 


Table 1. 

Summary 

Isotherm, T4*°K 

3.961 

(1) A = RT, cc-mm/mole 

246,693 

(2) Probable error in A, 

0.0010 

°K 

(3) T\ g 1 iaotlKTin 

0.0052 

(4) B, cc/mole 

-83.70 

(5) Probable error in B, 

0.43 

cc/mole 

(6) Probable error of a 

0.04 

measured point, % 

(7) N/V of saturated va- 

0.01315 


por, g/cc 


of Data for He 4 Isotherms 


3.348 

208,154 

0.0014 

2.862 

178,160 

0.0008 

2.324 

144,595 

0.0010 

2.154 

133,872 

0.0007 

0.0103 

-103.4 

0.65 

0.0052 

-123.6 

0.61 

0.0054 

-157.7 

1.79 

0.0073 

-176.4 

1.82 

0.07 

0.05 

0.09 

0.03 

0.00671 

0.00369 

0.00155 

0.00109 
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each isotherm was obtained and then compared with the temperature as 
given by the vapor pressure thermometer according to the 1948 scale. The 
differences T 48 — T found for the five isotherms are shown on line 3, Table 
1 and in Fig. 1, where the points connected by a solid line represent the 
average differences as derived from all the magnetic data of Erickson and 
Roberts. 3 Also included in the figure is a point obtained from an isotherm 
of He 3 at 2.160°K. Whereas the isotherm data and magnetic data differ 
by as much as 0.005° there is general agreement concerning the manner in 
which the 1948 scale requires revision. 

Note added in proof: 

Since the date of the Symposium, information on four more isotherms of 
He 3 has been obtained. Temperatures obtained from analyses of these data 
are also shown in Fig. 1 relative to T 48 obtained from the vapor pressure of 
He . The spread of the two points near 3°I< is far outside the experimental 
error of the gas measurements and most probably arises from the measure¬ 
ments of the He 4 vapor pressure. There is strong evidence for believing that 
for a given temperature the measured value of the He 4 vapor pressure is 
quite sensitive to even apparently minor differences in apparatus and tech- 
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nique used. For this reason, an important step in establishing a new tem¬ 
perature scale based on the vapor pressure of He 4 will be the standardization 
of the methods used in the thermometry. 
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7 . HIGH TEMPERATURE GAS 

THERMOMETRY 

Helmut Moser 

Physikalisch-Technische Bundesansta.lt , Braunschweig , Germany 

Introduction 

Forty-three years have passed since the publication of A. L. Day and 
R. B. Sosman’s 1 historical survey of high temperature gas thermometry, 
a field of work that had belonged for several decades to the most difficult 
and most interesting of thermal precision measurements. This survey traced 
the progress of high temperature gas thermometry during the hundred 
years preceding 1911, showing that high precision was achieved after the 
introduction of electrical heating and suitable gas-tight thermometer bulbs. 
The papers of C. Barns, 2 L. Holborn and collaborators, 3 J. H. Harker, 4 A. 
Jaquerod and F. L. Perrot, 5 and A. L. Day and collaborators, 6 have con¬ 
tributed substantially to the perfecting of the whole work, which is still 
serving today as a basis for all high temperature measurements. The accu¬ 
racy finally reached seemed for a long time to be unsurpassable. This might 
explain why no further attempts have been made since 1911—except for 
some new determinations of the sulfur point 7 —to repeat the very difficult 
gas thermometric measurements at high temperatures. 

It is only in the last few years that some doubts have arisen as to the 
reliability of the former gas thermometric measurements. These doubts 
have been caused by discrepancies existing between the experimentally 
obtained value of c 2 in the Planck radiation law and the theoretical one, 
calculated from atomic constants. As we know, the temperature of the gold 
point is a factor in the experimental determination of c 2 . Up to now, the 
value of 1063°C, based on gas thermometrieal measurements, has been 
adopted internationally. As there is no reason to doubt the Planck law the 
stated discrepancy can only be due to errors in radiation measurements in 
the determination of c 2 or to an error in the gold point. Should the radiation 
measurement be regarded as correct, it would be necessary to raise the 
temperature used up to now by about 5°C, in order to obtain an agreement 
between the experimental and the theoretical values of c 2 . 8 

For this reason, a new gas thermometrie determination seemed to be de- 

103 



104 


STANDARDS AND SCALES 


sirable if, at the same time, an improvement of the measurement accuracy, 
based on the progress of measuring techniques, would he reached. Pursuing 
this aim, a gas thermometer has been developed and tested at the Physi- 
kalisch-Technische Bundesanstalt which is fundamentally different from 
all apparatus known up to now, not only as to construction but also as to 
the applied measuring method. 

Gas Thermometric Measuring Methods 

In principle, each gas thermometric measurement is based on observa¬ 
tions ot the temperature T, pressure p, and volume v of a mass in of gas 
bi ought from a thermodynamic state 1 to state 2. The necessary condition 
for finding out the gas thermometric equation is, that the mass m = 

(VpM /1 R) (for ideal gas), where M = molecular weight and R = gas 
constant, will be equal in both states. If the whole mass of gas is not at the 
same temperature, the sum of the partial masses in state 1 (£ m x ) is to 
be equalized to the sum of the partial masses in state 2 m 2 ), so that for 

ideal gases: 

£ [ 5 l - £ [?1 (.) 


Table 1. Schematic Survey of Gas Thermometric Methods* 
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According to the manner of transition from state 1 to state 2, three 
different methods can be distinguished, as schematically reproduced in 
Table 1. Here, represents the volume of the gas thermometer bulb, which 
is either at the temperature to be measured, T, or at the reference tempera¬ 
ture T r . Above the temperature limit l — l is an auxiliary bulb, which can 
be filled with mercury; the free volume of this bulb is called v 2 . All calcula¬ 
tions are effected for ideal gases. The expansion of the gas thermometer 
bulb and the “dead space’' in the joining capillary between Vi and r 2 are 
not considered. 


Method A: Measurement at Constant Volume. v 2 is always zero (upper addi¬ 
tional bulb filled with mercury). i'i is heated from T r to T. The temperature 
T will be found from the reference temperature T r and a pressure relation 
(2d. column). 

Method B: Measurement at Constant Pressure, i'i is heated from T T to T. 
v 2 will be chosen in state 2 (by letting mercury flow out), so that the pres¬ 
sure remains constant. The temperature T is found from the reference 
temperature T r and a volume relation (2d. column). 

Method C: Measurement at Constant Bulb Temperature. The gas ther¬ 
mometer bulb does not change its temperature. The temperatures of the 
auxiliary bulb and of the other parts of the apparatus which are not to be 
seen in Table 1 remain constant too. Only part of the hot gas itself changes 
its temperature as it flows, in the course of the transition from state 1 to 
state 2, into the upper auxiliary bulb. The temperature T is calculated 
from the reference temperature T r and both a volume and a pressure relation. 

In order to make it possible to compare the three methods as to their 
qualifications for measurements at high temperatures, some values for 
dp/dT and dT / dp are given in the next to the last column of Table 1. They 
are calculated for the temperature of the gold point (1063°C), assuming 
that a pressure of 760 Torr will be attained but not surpassed in the gas 
thermometer. Besides, by the third method, the pressure will be reduced 
by half during the transition from state 1 to state 2. 


We note first that by method A the sensitivity dp/dT is four or five times 
greater than by methods B and C. This is the reason why, up to now, 
only gas thermometers of constant volume have been used for measure¬ 
ments at high temperature. The measuring accuracy with the gas ther¬ 
mometer at high temperature is not, however, limited by the uncertainty 
ot the pressure, but by adsorption or desorption effects at the wall of the 
gas thermometer bulb. As a result of these effects, all gas thermometric 
measurements at h lg h temperatures made with a thermometer of constant 
volume have shown changes of the initial pressure, p, , after each heating 
of the thermometer bulb. These are of the order of 0.1 Torr and are thus of 
much greater importance than the uncertainty of the pressure measure- 
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Considering the influence which a change of p, has on the temperature 
measurement dT/d Vi (Table 1), it will be found that this change is much 
greater by methods A and B than by method C. But this is not the only 
advantage of the last-named method. Since, in this method, the tempera¬ 
ture of all parts of the apparatus remains constant (heating of the ther- 
mometei bulb from 7 r to 7 does not take place), there are no disturbing 
effects (gas desorption from the surface or diffusion out of the interior of 
the material of the thermometer bulb) through which, in methods A and B, 
the mass of the filling gas will be uncontrollably changed during the heating. 
Besides, the duration of the transition from state 1 to state 2 can become 
very much shorter in method C than in methods A and B, as the losses of 
time resulting from the heating and cooling of the thermometer bulb will 
be avoided. Therefore, all disturbing effects which depend on the duration 
of the experiment will be greatly reduced with method C. 

These are the reasons why this method with constant bulb temperature is 
preferred for high temperatures. 

Reduction of the Pressure Measurement to Volume Determination 
(Weighing) 

Pressure measurement is an essential part of all gas thermometrical 
methods. Up to now it has been carried out with mercury manometers with 
tube diameters of 15 to 25 mm. According to the manometer construction, 
the measuring accuracy lay between 0.01 and 0.03 Ton*. Indeed, mercury 
manometers of higher precision can be manufactured today but they are 
more difficult to manipulate and require larger tube diameters. In this case, 
the uncertainty of the volume of the thermometer gas would be increased, 


state / state 2 



Fig. 1. Gas thermometrical measurement by means of volume determinations. 
I - I, temperature limit; v t will be confined by a, b, mi ; s = dead space confined by 

a and c. 
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because the volume is determined by the mercury surface of the manometer 
leg. 

It was possible to make a step forward by means of a new differential 
manometer, to be described later, and to reduce the pressure measurement 
to a volume determination by calibration with mercury. 

Figure 1 shows this measuring principle for a gas thermometer with con¬ 
stant bulb temperature. The new differential manometer, M , is represented 
by a U-tube with the mercury surfaces and m 2 . Its right side is con¬ 
nected with a glass bulb. The volume v 3 can be changed measurably by 
varying the mercury quantity. On both sides of the manometer is the same 
kind of gas. All parts of the apparatus above the dashed line (temperature 
limit l — l ) are at the extremely constant reference temperature T r . The 
gas thermometer bulb, too, does not change its temperature during transi¬ 
tion from state 1 to state 2. The temperature gradient along the capillary 
volume v, also remains unchanged. The volumes r 3 and v 4 are regulated in 
such a manner that the pressure is the same on the right and left sides of 
the manometer. Then the pressure ratio p,/p can be determined from the 
volume ratio v 4 /v 3 . 

Calculation of the Thermodynamic Temperature T 

If, as in all gas thermometric measurements, only maximum pressures 
of about 1 atmosphere are being applied, for real gases the following equa¬ 
tion of state is sufficient, 

pv ' = Ji T + K ' p ’ ( 2 ) 

where «' is the inclination of the pt-'-isotherm against the p axis (R = gas 
constant, M = molecular weight). 

In order to simplify the calculation in practice, the volume unit is chosen 
in such a manner that, for p = 1 atm and T = T 0 = 273.15°K, pv = 1. 
In this case Eq. (2) takes the following form: 

T 

PV = (1 - Ko) — + K t p (3) 

Neglecting higher order terms in * 0 and *,, we find for the ratio of the 
gas density p to the normal density p n (at 1 atm, 273.15°K) 

7n = ~ Kt P ) T ^ 1 + (4) 

and for the gas mass m = v-p 

m ~ -ji "" Tp [^Opn(l + Ko)] 


(5) 
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From Eq. (5) we find the mass conservation equation for real gases, 
analogous to Eq. (1). 



Accordingly, for the method shown in Fig. 1, we find: 
for gas masses on the left of the manometer 




and for gas masses on the right of the manometer 




where n r is the slope of the isotherms at the reference temperature T r . q x is 
the cross section and T x the temperature of the capillary above the volume 



at a. distance x from c 




The thermodynamic temperature T is calculated by combination of 
Eqs. (7) and (8) and neglecting correction factors of second degree, as 


follows: 


T = T r A{\ + B + C) 



whereby 


t’lfa ~ v*) 

V2V3 — v z (v* — Vz) 



A- f‘*d 

v , Jo T, 




( 10 ) 

( 11 ) 

( 12 ) 


B is the correction for the dead space volume; C is the correction for the 
deviation from the ideal equation of state of the gas. B and C can be deter¬ 
mined accurately enough by using approximate values of T and p, ; the 
main factor /I consists of a volume relation. As the volumes are determined 
by weighing with mercury, in A the volumes can be replaced by the coi- 
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responding masses of mercury. Thus, finally, the temperature measuring 
consists of weighing. 

With regard to the coefficients n r and in Eq. (12), it should be noted 
that K r is in general sufficiently known from other measurements, because 
the reference temperature is suitably chosen near to room temperature or 
to 0°C. Kt , however, can, in most cases, be determined only approximately. 
Hence it is advantageous that the influence of the term n t (To/T ) decreases 
when temperature increases. However, the equations offer the possibility 
of determining experimentally the value of the first term in Eq. (12) with 
the same apparatus, by combination of two measurements with two differ¬ 
ent initial pressures p,. 

Another advantage of the new gas thermometric method is that the 
volume t>i of the gas thermometer bulb can be determined in a simple way 
with the same apparatus; so it is possible at any time to check whether a 
volume alteration has appeared after heating. In case the gas thermometer 
bulb and its capillary tube are brought to temperature T r , it follows from 
Eqs. (9) to (12) for real gases (C = 0; all large volumes are primed) that 



/ / 
v 2 v 3 

Vi — V 3 




Vi herein is equal to v x — e, where e stands for the thermal expansion of 
the gas thermometer bulb under heating from T r to T. The additional vol¬ 
ume v t and v t are only a small fraction of v x and can be determined, partly 
by direct calibration with mercury and partly by gas volumetric means. 
For this purpose there is a capillary conical joint above a (Fig. 1) with a 
well-defined inner volume (not shown in Fig. 1), so that the gas thermome¬ 
ter bulb with a part of its capillary tube can be separated from the other 
apparatus. 


The New Differential Manometer 

This manometer forms a very essential part of the apparatus and has 

made possible the carrying out of the new gas thermometric measurement. 

Its special advantages are high sensibility, sharp definition of the gas 

volume by the mercury surface, and great independance of the surface 
tension of the mercury. 

Figure 2a shows the principle of measurement. The metal piece a 
(steel) has a vertical boring (radius r = 1.5 mm), which is closed at the top 
by the glass plate g. The lower end of the boring terminates in a sharp 
circular edge, which is immersed in mercury. According to the gas pressure 
m the volumes connected at z, a concave, plane, or convex meniscus will be 
fomied (dotted lines). Light from the source l is reflected from the mercury 
surface and observed with a microscope at / by means of the half-silvered 
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a b 

Fig. 2. Mercury differential manometer 


mirror s. If the radius of curvature of the (concave) meniscus is equal to 
its double distance from /, the light is reflected parallel and in the microscope 
a full brightness of the ocular field will be observed. Every other form of 
the meniscus produces more or less large shadows. 

The adjustment to a shadow-free meniscus can be reached with high 
precision. To this position corresponds a nearly flat meniscus; so that the 
effect of the capillary power is only very small. 

Figure ‘2b shows the complete differential manometer with the necessary 
equipment. The essential parts, especially both manometer legs, mi and m 2 , 
are placed in a massive steel block, i. With the aid of the needle valves, s\ 
and s 2 , the connection between the mercury in both legs and the other 
parts of the instrument can be interrupted. This is necessary as the differen¬ 
tial manometer may not be exposed to greater pressure differences than 
±5 Ton*. A greater excess pressure would force a gas bubble into the 
space that is filled with mercury. Before opening the valves, a coarse equali¬ 
zation of the pressures must take place. 

For this purpose the parallel-switched auxiliary manometer, h, is used. 
It consists of a double U-tube with capillaries of 1 mm inner diameter, which 
are provided with a millimeter scale and which allow an adjustment of 
pressure equality with an uncertainty of ±3 Torr. When the mercury is 
withdrawn from this manometer there exists a gas connection between 
both legs of the main manometer. Thus its zero position can be controlled 
and, if necessary, corrected. For this purpose, the metal block i is tilted 
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until the meniscus has the same shape (shadow-free) in both manometer 
legs. This position can be fixed with a sensitive water balance. 

The mercury pump q in connection with the wide mercury surface n and 
the additional volume z serves for measurably raising or lowering of the 
mercury surface in the legs m x and m 2 . Displacements of the pump cylinder 
are effected by means of a micrometer screw and can be observed on the 
scale e. In this way it is possible to obtain a shadow-free position of the 
meniscus even when small pressure differences exist. 

The shadow-free adjustment is not completely free from subjective influ¬ 
ences. But it has been shown that after a certain amount of practice, 
different observers can obtain the same adjustment within =L0.003 Torr 
for each measurement. This value may represent the highest degree of 
uncertainty of the new differential manometer. 


The New Gas Thermometer of the Physikalisch-Technische Bun* 
desanstalt 


Figure 3 gives a schematic survey of the whole apparatus. The sensitive 
manometer has been omitted, in order not to complicate the design. It is to 
be seen in Fig. 2b switched parallel to the auxiliary manometer h. A double 
pressure compensation is shown. The gas pressure in Vi and v 2 is compen¬ 
sated by the pressure in v 4 . The bulb i» 5 with almost the same gas pressure 
is connected with the double-walled gas thermometer bulb t'i . In this way 
gas diffusion through the bulb wall, as well as pressure effects, will be 


pump 



■ F , IG ,?' S , chcmatic a »rvc.v of the new gas thermometer 
nische Bundesanstalt. 


of the Physikalisch-Tech- 




112 


STANDARDS AND SC A LES 


avoided to a great extent. Further we recognize that the connection be¬ 
tween the three separated gas volumes can be easily made when the mercury 
is withdrawn from the auxiliary manometer h. Thus the apparatus can be 
evacuated at any time and filled with gas. For the measuring of the initial 
pressure p, a simple mercury manometer b will be sufficient. In the storage 
bulbs /k' 2 —A's an excess pressure or a reduced pressure can be obtained as 
desired, so that the volumes v 2 , v 4 , and r b can be changed in a measurable 
way when the capillary stopcocks are opened. By accurate weighing of the 
bulbs A *2 and A 4 the temperature will be determined. 

All temperature-sensitive parts of the apparatus except the gas ther¬ 
mometer bulb and its capillary connecting tube are placed in a large water 
thermostat w the temperature of which will be kept constant with a tem¬ 
perature regulator within ±0.002°C. Its temperature is at the same time 
the reference temperature T r for the gas thermometric measurement. In 
principle the temperature of the triple point of water ought to be selected, 
as its temperature value is fixed on the thermodynamic scale.* For the 
measurement at the gold point we may select for T r the temperature 25°C, 
which is easier to regulate. This temperature can be determined relatively 
to that of the triple point of water with a sufficient approximation to the 
thermodynamic scale by means of a platinum resistance thermometer. 

As material for the gas thermometer bulb and its capillary tube, quartz 
glass is used; for the other parts of the apparatus, Jena glass 20. The two 
kinds of glass are connected bv means of a capillary conical joint with a 
well-defined inner volume. 


There were objections against the use of quartz glass because its trans¬ 
formation range and its modification into “Kristobalit” begin near the 
gold point. However, it has been found that an annealed bulb changes its 
volume during an experiment of several hours duration only by about one 
part in 10,000. The changes can easily be gas volumetrically determined 
after each heating. Thus, quartz glass seems to be the most suitable bulb 
material for the measurements of the gold point, particularly because of its 
small expansion coefficient. It may be noted that the thermal expansion of 
the quartz glass causes an error of only about 2°C in the gold point if it is 


not considered. 

As shown in Fig. 3, the double-walled gas thermometric bulb with a con¬ 
tent of 20 cm 3 is directly immersed into solidifying gold. Thus it is possible 
with a quantity of about 1 kg of gold to keep the temperature of the gold 
point constant with an accuracy of about 0.1°C during a period of at least 


* According to a decision of the 10. Conference Gendrale des Poids ct Mesures, 
Paris 1954, the triple point of water is the only fixed point of the absolute thermo. y- 
namic temperature scale. Its temperature value has been established as 2M.lt> 

exactly. 
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30 minutes. That is sufficient for carrying out measurements with two 
different initial pressures. 

Final)}'’ something should be said about the “dead space” which con¬ 
sists of the content of the connecting capillary between the melting gold 
and the water bath. None of the other capillary volumes in the interior of 
the water bath, the temperature of which is known exactly, are regarded as 
“dead space.” The temperature gradient along the “dead space” is meas¬ 
ured (see Fig. 3) by moving a platinum/platinum-rhodium thermocouple 
within a quartz glass tube, which is parallel and in shape similar to the con¬ 
necting tube of the thermometer bulb. According to the experiments car¬ 
ried out up to now, the determination of the “dead space” correction seems 
to be possible with an uncertainty of at most 0.1 °C when capillaries with 
an inner diameter of 0.3 to 0.5 mm are used. 


Summary 

The new gas thermometer employing constant bulb temperature avoids 
uncontrollable effects of gas desorption which occur in constant volume 
and constant pressure gas thermometers as the temperature bulb is raised 
from reference temperature to the temperature to be measured. This is 
particularly important for high temperature measurements. A new de¬ 
termination of the thermodynamic temperature of the gold point is now 
being made with this thermometer. It could probably also be applied ad¬ 
vantageously at lower temperatures. 

% 
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8. THE INTERNATIONAL TEMPERATURE 

SCALE* 


J. A. Hall 

National Physical Laboratory, Tcddington , England 


Historical Survey 

* 

The need for international agreement on an accurately reproducible tem¬ 
perature scale was early recognized. It was in 1887 that the International 
Committee of Weights and Measures adopted the following resolution: 

The International Committee of Weights and Measures adopts as the standard 
thermometric scale for the international service of weights and measures, the 
Centigrade scale of the hydrogen thermometer, having for fixed points the 
temperature of melting ice (0°) and that of the vapor of boiling distilled water 
(100°) under standard atmospheric pressure; the hydrogen being taken at an 
initial pressure of 1 m of mercury, that is to say at 1000/760 = 1.3158of the stand¬ 
ard atmospheric pressure. 1 


Chappuis 2 had just compared his constant-volume hydrogen thermom¬ 
eter with a series of very accurate mercury-in-glass (verre dur) thermom¬ 
eters made by Tonnelot of Paris. These thermometers were used as absolute 
instruments so as to define a mercury-in-verre-dur scale, and Chappuis 
arrived at an equation to correct this scale to the hydrogen scale over the 
range of 0° to 100°C. Similar thermometers made by Tonnelot and, from 
1898 onwards, by Baudin, were generally available so that workere else¬ 
where were enabled to reproduce the standard hydrogen scale. This situ¬ 
ation was not entirely satisfactory for three reasons: the range was limited 
to that ^between 0° and 100°C, the reproducibility was limited to about 
±0.002 C, and it has been shown 3 that there were differences between the 

scales defined by different thermometers, apparently similar, amounting in 
places to as much as 0.01 °C. 6 

Before 1914, thought was being directed towards the formulation of an 
international temperature scale, but the outbreak of war caused the mat¬ 
ter to be laid aside. In the early 1920’s the question was reopened, and 
after discussions by correspondence and at Teddington between represen- 

Physicai Laboratory^* Teddiii^toii^England!^ 58 * 011 Dire ° t0r ° f the National 
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tatives of the National Bureau of Standards, the Physikalisch-Technische 
Reiehsanstalt, the National Physical Laboratory, and the Kamerlingh 
Onnes Laboratory, Leiden, the text of the International Temperature 
Scale of 1927 was accepted at the meeting of the International Committee 
of Weights and Measures in that year, and ratified at the Seventh General 
Conference of Weights and Measures 4 which followed. 

The Aim of the Scale. The aim of the scale is well set out in the intro¬ 
duction to the text of the 1948 edition, which says: 

The experimental difficulties inherent in the measurement of temperature on 
the thermodynamic scale led to the adoption in 1027, by the Seventh General 
Conference of Weights and Measures, of a practical scale which was named the 
International Temperature Scale. This scale was intended to he as nearly identi¬ 
cal with the thermodynamic Celsius scale as was possible with the knowledge 
then available. It was designed to be conveniently and accurately reproducible 
and to provide means for specifying any temperature on the International Scale 
within much narrower limits than was possible on the thermodynamic scale. 

The International Committee meets at intervals of two years, but the 
General Conference (which alone can modify the scale) only meets every 
six years; an opportunity for revision of the scale thus normally occurs at 
six-year intervals. In 1933 the only revision of the scale was to rectify cer- 
tain minor textual errors. The text had been based on a draft prepared at 
the National Bureau of Standards, and some small errors had been intro¬ 
duced during the preparation of the official text, which is in French. An 
advisory committee, the Comity Consultatif de Thermomdtrie, was formed 5 
in 1937 to meet as often as might be necessary to suggest revisions and 
modifications in the scale. This committee held its first meeting in July 
1939 and did, in fact, recommend a revision of the scale, but owing to the 
outbreak of war, neither the International Committee nor the General 
Conference was able to meet. The 1927 edition of the scale thus remained 
in force until 1st January 1949 when a revision known as the International 
Temperature Scale of 1948, which had been adopted in the autumn of that 
year, 6 succeeded it. Subsequent meetings of the Comity Consultatif have 
taken place in 1952 and 1954, and further resolutions, not affecting ma¬ 
terially the 1948 edition of the International scale, were adopted at the 

Tenth General Conference held in October 1954. 

Realization of the Scale. The International Temperature Scale is 
based on a series of fixed points (freezing points and boiling points) to 
which specified values have been assigned, and on the use ot specified in¬ 
strumental means of interpolation and extrapolation. The fixed points, with 
the values adopted in 1927 and 1948, are given in Table 1. 

The introduction to the scale, quoted above, introduces the two con¬ 
ceptions of accuracy and reproducibility. Consider the boiling point of 
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Table 1. Fundamental Fixed Points and Primary Fixed Points of the 
International Temperature Scale under the Standard Pressure of 

1,013,250 Dynes/Cm 2 



Value Adopted 

1i\ctl i oini 

1027 

1048 

Temperature of equilibrium between liquid oxygen 
and its vapor (boiling point of oxygen). 

—182.97°C 

—182.970°C 

Temperature of equilibrium between ice and air- 
saturated water (melting point of ice) (Funda¬ 
mental fixed point). 

0.000 

0 

Temperature of equilibrium between liquid water 
and its vapor (boiling point of water) (Funda¬ 
mental fixed point). 

100.000 

100 

Temperature of equilibrium between liquid sulfur 
and its vapor (boiling point of sulfur). 

444.60 

444.600 

Temperature of equilibrium between solid and 
liquid silver (freezing point of silver). 

960.5 

960.8 

Temperature of equilibrium between solid and 
liquid gold (freezing point of gold). 

1063 

1063.0 


sulfur, to which the value 444.600°C (Int. 1948) has been assigned. The 
values accepted for this and the other fixed points of the scale, are based 
on the best available gas-thermometer data. An examination of these shows 
that the sulfur point is not known to better than ±0.1° on the thermody¬ 
namic scale; the highest value reported being, in fact, 444.73°C. 7 It is, how¬ 
ever, possible to reproduce this point with the platinum resistance ther¬ 
mometer to a precision of the order of ±0.005° or possibly a little better. 
The value of the point is therefore defined on the International Scale as 
444.600°C (Int. 1948), so that workers using this scale can take advantage 
of the higher reproducibility attainable with the platinum thermometer 
than with the gas thermometer, and so achieve a high degree of concord¬ 
ance with one another. 

In the same way, the value of 1063.0°C for the gold point is based on 
two gas-thermometer determinations, that of Holborn and Day 8 (1064°C) 
and that of Day and Sosman 9 (1062.4°C). Here, the reproducibility attain- 
ble with the platinum/platinum-rhodium thermocouple is about ±0.1°C 
and when, in the future, more accurate gas-thermometer determinations 
have been made, it will be possible to apply corrections to bring observa¬ 
tions which have been made on the present international scale into line 

with a new value. There is also the possibility of revising the International 
Scale itself in the future. 

In order to have a continuous temperature scale, it is necessary to specify 
the means which are to be used for interpolation between the fixed points 
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and for extrapolation of the scale above the gold point. For this purpose, 
the scale is divided into three regions, as follows: 

-182.97° to 630,5°C (-190° to 660°C in 1927). In this region the scale 
is defined by the use of a standard platinum resistance thermometer, the 
purity and physical condition of the platinum being controlled by the 
specification that the ratio Rm/Ro should not be less than 1.391. The speci¬ 
fication was less severe in the 1927 edition of the scale, the ratio R m /Ro 
being then specified as not less than 1.390. For purposes of interpolation, 
this region of the scale is subdivided into two parts: between 0° and 030.5°C 
a quadratic equation 

R, = R 0 ( l + AT + BC-) 

is used. This reduces to the familiar Callendar form 

t - t Pl = 8 l(t - 100)10~ 4 

in which t Pl is defined as 100(/t*< — /?<>)/(/?ioo — Rn). The constants of the 
equation are determined bv measurements at the ice, steam, and sulfur 
points. It was, however, recommended in 1948 that the ice point should 
not be determined directly, but that it should be taken conventionally as 
0.0100°C below the triple point of water, since it had been found that the 
triple point was more easily and accurately reproducible. 10 

For temperatures below 0°C, the modified equation 

Rt = 7? 0 |1 + At + Bl 2 + C(t - 100)f 3 ] 

is used. This may be written in the Callendar-van Dusen form: 

t - t Pl = 8-t(t - 100)10“* + pt 3 (t - 100)10" 6 

the additional constant being determined by measurement at the boiling 
point of liquid oxygen (-182.97°C). In 1927 the scale was extrapolated 
down to — 190°C but the extrapolation was found to be unreliable and the 
1948 scale does not extend below the oxygen point. 

630.5° (660° in 1927) to 1063°C. The scale is here defined by means of a 
10 per cent rhodium-platinum against pure platinum thermocouple, using 
the quadratic equation 

E = a + bt + d 2 

The constants are determined by measurements at the freezing points of 
antimony (630.5°C), silver, and gold. Since the antimony point is not one 
of the primary fixed points and in order to ensure a measure ol continuity 
with the resistance thermometer scale, it is laid down that the freezing point 
of the actual sample of antimony which is used shall be determined by 
means of the platinum resistance thermometer, and that the value so detei- 
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mined be used in the calculation of the thermocouple calibration. Alterna¬ 
tively, the thermocouple may be compared directly with the resistance 
thermometer at a temperature close to 030.5°C. 

In 1927, though the thermocouple equation was based on the same fixed 
points, the platinum resistance thermometer was retained as the standard 
interpolation instrument up to 660°C. This was done in order that the alu¬ 
minum point should come into the resistance thermometer part of the scale 
where temperatures would be more accurately reproducible. Unfortunately, 
as purer aluminum became available, its freezing point, as determined with 
the resistance thermometer, became slightly above G60°C. If, in conse¬ 
quence, a measurement was then made with the standard thermocouple, 
the value obtained proved to be just below 660°C, so we had the unfortu¬ 
nate result that the freezing point of aluminum could not be measured on 
the international scale." 

In 1948 two steps were taken in order to rectify this state of affairs. First, 

the boundary between the two regions of the scale was moved to the more 

logical temperature of G30.5°C, and the accepted value of the freezing point 

of silver was raised to 9G0.8°C, a value still well within the limits of error of 

the gas-thermometer results then available. More recently, in fact, Oishi, 

Awano, and Mochizuki’ 2 have reported a provisional gas-thermometer 
value of 961.2°C. 


The effect of this change on the continuity of the thermocouple and re¬ 
sistance thermometer scales is shown in Fig. 1, which plots the discrepan¬ 
cies measured at the National Physical Laboratory between the resistance 
thermometer scale and the thermocouple scale when the latter is extra¬ 
polated below 630.5°C and when different values are assumed for the silver 
point. It is clear that a value between 960.8 and 960.9°C leads to the best 
continuity in this region. A study made at the National Bureau of Stand¬ 
ards indicated that the value of 960.8°C led to better continuity with the 
radiation scale above 1063°C than did the original value of 960 5 so the 
value of 960.8°C was adopted in 1948 ' 

Above 1063°C Above I063°C extrapolation of the scale is effected bv 
means of a standard optical pyrometer, by means of which the luminous 

pcJSabote giV6n "T length and at unknown tem- 

p ature above 1063 C may be compared with that of a black bodv at the 

freezing point of gold, a closely similar wavelength being used In practice 

en n , t P0SS ' b '“ t0 make the two wavelengths identical, owing to the differ 
ence between the spectral distributions of energy at the two tew,™! * 

and a small correction has to be made for thf chance 5 °ff!T ’ 

sss E ; ™ 
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Temperoture °C 

Fig. 1. Discrepancies between thermocouple and resistance thermometer scales 
for different values of the silver point. 

the gold point, then taken as 1330°K, we have: 

J t _ exp[c 2 /1336X] 

Jam exp[(h/(t + 273)X] 

The method of determining the ratio Jt/ Jau with a disappearing-filament 
optical pyrometer is to calibrate the pyrometer lamp on a black body at 
the freezing point of gold, and then to sight on the unknown higher tem¬ 
perature through a rotating sector of accurately measured transmission 
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and chosen to match the expected ratio as closely as possible. The exact 
ratio is determined from the small change in lamp current required to match 
the higher temperature. The ratio having been determined, we now need 
to know the wavelength and the value of in order to determine the 
temperature. 

The constant c 2 may be derived in various ways from radiation measure¬ 
ments and from the values of atomic constants. Three radiation methods 
areavailable: (1) by measurement of Boltzmann’s constant, <r; (2) by meas¬ 
urement of the wavelength of maximum energy in the spectral energy 
distribution curve at a given temperature; and (3) by optical pyrometer 
measurement of the ratio of the intensities at two temperatures, using 
monochromatic radiation. The first two of these methods are difficult, in¬ 
volving, in the one case, a measurement of the absolute intensity of radi¬ 
ation and in the other, the determination of a rather flat maximum on a 
curve. The third method is easier, but requires a knowledge of the values 
of two temperatures which must have been otherwise determined on the 


absolute scale (e.g. by means of a gas thermometer). 

The position in 1927 (as shown later by Wensel 11 ) was that the first two 
of these methods yielded mean values in the neighborhood of 1.436 but that 
the spread of experimental values was such as to make the fourth significant 
figure very uncertain. Values deduced from optical pyrometry at the gold 
and palladium points led to a value nearer to 1.438, but since an error of 
1°C in the value of the palladium point would cause an error of 0.002 in c 2 , 
this value was not regarded as very reliable. On the other hand, considerable 
confidence was felt (unjustifiably, as it now appears) in the value derived 
from h/e , and this led to a value of 1.432. In 1927, consequently, the scale 
was based on this value, and the palladium point was taken as 1555°C 
instead of 1549°C as found by Day and Sosman. 9 


When the Comity Consultatif de Thermom^trie met in July 1939 to 
consider the revision of the scale, Wensel’s paper 11 was before them. Figure 
2, as far as the period 1917 to 1939 is concerned, is taken from his paper 
and shows that the value derived from h/e had by that time reached about 
1.436 or 1 437. The committee therefore recommended that the value to be 
used for the International Temperature Scale should be 1.436, but owing 
to the outbreak of war, this recommendation was never put into’effect 

lomm if nCX M ?f etmg t0 ° k Pkce> in 1948 > Bir g e ’ s value of 1*4384 8 

±0 0003 4 was available, and, since four significant figures are sufficient 

value of llL Th" temperature acale > the corarnittee decided to adopt the 
value of 1.438. This appears in the 1948 edition of the scale, with a cor¬ 
responding lowering of the palladium point to 1552°C. Though this decision 
was primarily based on the new value derived from atomic constant some 
pporting evidence from the optical pyrometer method had been provided 


* 
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by van Dusen and Dahl. 14 They compared the brightnesses at the nickel 
and cobalt points with that at the gold point, for which purpose they had 
available some of the actual samples used by Day and Sosman in their gas 
thermometer measurements. They accepted for the temperatures, values 
obtained by converting Day and Sosman’s observations to the thermo¬ 
dynamic scale. The gold:nickel ratio yielded a value of 1.4364, the gold:co¬ 
balt ratio gave 1.439 5 while an earlier value obtained by Fairchild, Hoover, 
and Peters from the gold: palladium ratio was 1.438 2 . Since an error of 1°C 
at the nickel point or 1.5°C at the palladium point would change the calcu¬ 
lated value of Co by 0.003, the most that can be said is that van Dusen and 
Dahl’s values are not inconsistent with the newly accepted value of 1.438. 

Since then, further changes have been made in the accepted values of 
the atomic constants and, most unexpected of all, in that of the velocity of 
light. The result is that the latest available value, deduced by DuMond 
and Cohen, 16 is 1.43884 ±0.00008. Figure 2 thus shows the position as it 
has varied up to the present time. 

It was also decided in 1948 to use Planck’s law, which leads to the rela- 
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tionship 

Jt _ exp[c2/l336.15Xj — 1 

J7u ~ exp[c 2 /(f + 273.15) X] - 1 

and which, if it is accepted as valid, enables extrapolation to be continued 
indefinitely upwards. When Wien’s law is used in the 1927 scale it is speci¬ 
fied that XT shall not exceed 0.3 cm deg., that is to say, that T shall not 
exceed about 4300°C when the normal wavelength of optical pyrometry 
(O.G6/i) is used. 

Changes in the Scale. The changes made in the scale by the modifi¬ 
cations of 1948 are shown in Fig. 3. No change appears below 630.5°C; 
above that we have a maximum divergence of about 0.4°C at 800°C which 
reduces to zero at 1063°C and then increases steadily in the opposite di¬ 
rection. 



Temperoture *C 

F,G ' 3 ' DifferenCeS betWeCn the Interna tional Temperature Scales of 1927 and 1948 
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It was also agreed in 1948 to adopt internationally the word Celsius 
instead of Centigrade. 16 Celsius is widely used in Europe, though Centi¬ 
grade has been preferred in England and France. In France, however, there 
was a move to adopt centesimal in order to avoid confusion with the nomen¬ 


clature of the decimal system of angular measure, in which the right-angle 
is divided into a hundred “grades.” The Ninth General Conference, how¬ 
ever, preferred to adopt the name Celsius. They were influenced by the 
fact that no change in the normal symbol was involved, and that all tem¬ 
perature scales would in future be named after their originators (Kelvin, 
Celsius, Fahrenheit etc.) 

The Kelvin Scale. Another matter which was discussed at the 1948 


meeting of the Comity Consultatif de Thermom6trie was the question of 
the definition of the absolute thermodynamic (Kelvin) scale. 17 Kelvin had 
pointed out in 1854 1S that, for the definition of the absolute scale, only one 
fixed point was necessary, and that when the interval between the absolute 
zero and the ice point should have become sufficiently closely reproducible, 
then the absolute scale should be defined in terms of this one fixed point. 
Kelvin, in fact, suggested that an accuracy of 0.1° in the interval would 
suffice. Twenty years later, Mendeleev 19 suggested that a scale defined in 
this manner, but with the interval between the absolute zero and the ice 
point divided into 1000 parts, should be adopted. In 1939, the Low Tem¬ 
perature Scales Committee of the National Research Council (U.S.A.) put 
before the Comit6 Consultatif de Thermom6trie 20 a tentative proposal 
which had been made by Giauque, 21 to the effect that a definite value should 
be selected to represent the triple point of water on the thermodynamic 
scale for all time, and that the scale should be defined by this point only. 

This proposal appealed strongly to workers at very low temperatures 
and to those interested in thermodynamical calculations. It appeared less 
attractive, however, to the metrologists, who were concerned that the scale 
should be as accurately reproducible as possible at normal temperatures. 
The value of the triple point on the absolute scale could not be realized to 
better than ±0.01°, that is, the size of the degree would not be known to 
better than ±1 in 30,000. On the other hand, using a scale based on the ice 
and steam points, the fundamental interval of 100° could be realized to an 
accuracy of ±0.001°; that is, the size of the degree would be reproducible 
to ±1 in 100,000. These conflicting considerations led the committee to 
adopt, at its 1948 meeting, the following resolution: 22 


The Comity Consultatif accepts the principle of a thermodynamic absolute 
scale having only a single fixed point, provided at present by the triple point 
of pure water, of which the absolute temperature is fixed at 273.16 . 

The introduction of this new scale does not affect in any way the use of the 
International Scale, which remains the recommended practical scale. 
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In the present state of the accuracy of measurement, the new scale is identical 
with the thermodynamic Centesimal* scale. 


Thus, while the committee “accepted the principle” of such a scale, it 
was agreed that the International Temperature Scale would not in any 
case be affected. When the resolution came before the International Com¬ 
mittee, that body declined to accept the figure 273.16°K for the triple 
point, and substituted the phrase “of which the absolute value will be fixed 
later” in the resolution. 23 

The matter was again discussed at the 1954 meeting of the Comity Con- 
sultatif when a recalculation by Otto of the gas-thermometer observations 
reported by Heuse and Otto in 1930 led to a change in their value of the 
ice point from 273.158°K to 273.149°K. 24 An independent recalculation by 
van Dijk also led to this value. Assembling this result with all the other 
values available, and giving equal weight to each, the mean, rounded to 
the nearest hundredth of a degree, became 273.15°K for the ice point. 
It was therefore decided to adopt the value 273.16°K for the triple point 
of water on the Kelvin scale defined by one fixed point. However, we are 
still unable to fix the size of the degree on this scale with the same precision 
as that of the degree based on the ice point (or triple point) and the steam 
point, i.e. the International Scale. 

We thus now have two scales, independently defined, the sizes of the 
degree on the two scales being almost certainly different, but the difference 
being at present undetectable. For purposes of extrapolation of the Inter¬ 
national Scale, using Planck’s law, we need an absolute (Kelvin) scale of 
which the size of the degree is exactly the same as that of the International 
Celsius Scale. That is to say, we need to shift the origin of the International 
Celsius Scale and derive an International Kelvin Scale. Similarly, we may 
have occasion to use a thermodynamic Celsius scale derived by shift of 
origin from the thermodynamic scale proper. 

„ st f e of , affairs was formulated by the Comity Consultant in Table 
t . V! 1S f °™ ulatl0n accepted by the Tenth General Conference of 
Weights and Measures, and the needs of both metrologists and theoretical 
physicists appear to have been met. 


Maintenance of the Scale 

Resistance-Thermometer Intercomparisons. The work of the na¬ 
tional standardizing laboratories in connection with the International Tem 
perature Scale may be divided into two parts. The first of these consists of 
work directed to insure that all the laboratories are, in fact realizing the 
. .. .nd i, l., g .l y ty , h , SiZSi 

* This term has now been replaced by Celsius (see page 124). ~ 
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Table 2 

International Scale 


International Temperature 

t 

Identification 

°C (Int, 1048) 

Degree Celsius (International 1048) 


International Kelvin Temperature 
l int = t + 273.15 exactly 
Identification 

°K (Int. 1048) 

Degree Kelvin (International 1048) 


Thermodynamic Scale 


■Thermodynamic Celsius Temperature 
Ob = T — 273.15 exactly 
Identification 

°C (therm.) 

Degree Celsius (thermodynamic) 


Thermodynamic Temper a ure 

T 

Identification 

°K 

Degree Kelvin 


of standard instruments. For example, there is at present in progress an 
intercomparison of three platinum resistance thermometers, furnished by 
the National Bureau of Standards in Washington, the National Physical 
Laboratory in Teddington and the Mendeleev Institute of Metrology in 
Leningrad. These thermometers are being measured at the triple point and 
the boiling point of water, so as to discover whether the interested labo¬ 
ratories are in fact using the same fundamental interval (i.e. the same size 
of degree). In addition to the contributing laboratories mentioned above, 
measurements have also been made at the Physikalisch-Teehnische Bunde- 
sanstalt in Braunschweig, at the Kamerlingh Onnes Laboratory in Leiden, 
and at the Massachusetts Institute of Technology. It is hoped that meas¬ 
urements will also be made in the University of Tokyo and at the Australian 
National Standards Laboratory. From the results so far reported, no dis¬ 
crepancies exceeding =fc0.001°C have been discovered; that is to say, the 
laboratories are in agreement to within the accuracy with which the steam 
point can currently be realized in any one of them. 

It is now proposed to extend this work by circulating another set of 
thermometers for measurement at the boiling point of liquid oxygen as a 
check on the accuracy with which this point is being realized. 

Tungsten-Strip Lamp Interconiparisons. It has been shown 26 that 
tungsten-strip lamps calibrated in terms of the current passing through 
them, afford an accurate means of reproducing brightness temperatures in 
the optical pyrometer range up to about 2200°C. Provided the conditions 
under which a lamp is operated are carefully reproduced, the stability of 
its characteristics is such as to enable the highest precision obtainable with 
the pyrometer to be utilized. An intercomparison of a batch of lamps thus 
enables the radiation scales in use in different laboratories to be compared. 
Such an intercomparison has just been started, using a number of vacuum 
and gas-filled lamps to cover the range from 1063° to 2000°C. 
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Improvements in the Scale 


It is not, however, sufficient to insure that the present scale is being ac¬ 
curately maintained, and the second responsibility of the national labora¬ 
tories is to be constantly striving to improve its reproducibility, to extend 
its range and to reduce (or at any rate to determine accurately) the differ¬ 
ences which inevitably exist between it and the thermodynamic scale. 

Fixed Points (Gold, Silver, Sulfur, Zinc). Reference has already been 
made to the vagaries of the value of c->, and there is still some room for 
doubt, since the radiation methods normally depend on old values for the 


gold point, which, as we have already seen, cannot be regarded as being- 
known to better than ±1°C; indeed, Moser, Stille, and Tingwaldt 27 have 
suggested that the true value of the gold point may be several degrees 
higher than 1063°C. It was therefore agreed at the Comity Consultatif that 
new determinations of the gold point were urgently required, and it is very 
gratifying that Dr. Moser has been able to tell us that the preliminary re¬ 
sults which he and Dr. Otto have obtained show that the value of 1063° 
was well chosen. Gas thermometer determinations of the gold point are also 


in hand at the Mendeleev Institute of Metrology, Leningrad, and at the 
University of Tokyo. 

Some further evidence as to the value of the gold point is afforded indi¬ 
rectly by measurements at the freezing point of silver. Oishi, Awano, and 
Mochizuki, of Tokyo University, reported at the 1954 meeting of the 
Comity Consultatif de Thermomgtrie 12 that they had a preliminary gas- 
thermometer value for the silver point of 961.2°C (accepting 273.15°K 
as the value of the ice point). In 1930, Moser, 28 using platinum resistance 
thermometers calibrated at the ice, steam, and sulfur points, obtained, 
by extrapolation, a value close to 1062°C for the gold point. He added 
a correction term to the equation so that this value could be adjusted 
to 1063°C, and then used the same thermometers to determine the silver 
point. Making an allowance of one or two tenths of a degree for the fact 
that his silver was not of the highest purity, the value so obtained was 
just above 961 °C. Working at the same time at Teddington, I found values 

Qc 0 nt^ ln .f I greement WHh hi8 ’ the Value of the silver P° int Gained being 
960.9 C. These results were not published, as I was not very satisfied with 

he observations at the sulfur boiling point. If these were in error by as 

httle as 0.01 it would throw out the extrapolation to gold by about 0.1°. 

However when the gold point itself is brought into the calibration, a small 

uncertainty in the sulfur point would not appreciably affect the value for 

the silver point, as it is only 102” below the gold point. The Mendeleev 

sulttff f y ? epOI ' ted t0 the 1954 meeti "g °f ^e Comity Con¬ 

sultatif a provisional value of 960.9 ±0.2”C, based on 1063°C for gold so 
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it appears probable that the true values for the two points are not far re¬ 
moved from 1063° and 961 °C. 

It is evidently also desirable that new gas-thermometer measurements 
should be made at the sulfur boiling point in order to reduce the present 
uncertainty of about ±0.1°C in its value, and another question to be stud¬ 
ied is the possible substitution of the freezing point of zinc for the boiling 
point of sulfur as one of the primary fixed points of the scale. This sug¬ 
gestion has come from both Canada and the Soviet Union, 29 and Dr. Pres- 
ton-Thomas is presenting in this symposium an account of the remarkably 
reproducible results which they have obtained with the zinc point in 
Ottawa. 

Extension of the Resistance Thermometer Scale. The work with 
resistance thermometers at high temperatures has suggested that it may 
be possible to extend the range of the resistance thermometer as the stand¬ 
ard interpolation instrument up to 1063°C, eliminating the thermocouple 
entirely. This would offer the advantages of removing one point of discon¬ 
tinuity in the scale and of providing an instrument capable of a higher 
degree of reproducibility than the thermocouple in the range 630.5° to 
1063°C. The disadvantage of this plan is that the type of resistance ther¬ 
mometer which has hitherto been used for high temperatures has rather 
too large a sensitive element to be suitable for use as a standard instrument: 
the thermometer can be accurately calibrated at fixed points, but it is diffi¬ 
cult to use it as a standard with which other instruments can be compared. 
For example, it is desirable to be able to compare it directly with the optical 
pyrometer at the gold point, and that means that it must be capable of 
being placed in a black-body enclosure small enough to be entirely at a 
temperature uniform to within a few tenths of a degree. Work, therefore, 
is to be carried out in the national laboratories with the aim of arriving at 
a design satisfactory for use as a working standard of temperature and to 
decide the best interpolation formula to be used, should it be decided to 
adopt the resistance thermometer for the present thermocouple range. 

Until now, the International Temperature Scale has not extended below 
the boiling point of oxygen. The National Bureau of Standards has estab¬ 
lished a scale down to 20 CT K, 30 but this is based solely on the calibration of a 
group of resistance thermometers against the gas thermometer, and no 
general resistance-temperature law has been obtained. A systematic inves¬ 
tigation in this temperature range has been undertaken at the National 
Physical Laboratory, using a series of samples of platinum covering a wide 
range of values of Rm/Ro, and measurements in this range with the plat¬ 
inum thermometer are also being made at the Kamerlingh Onnes Labora¬ 
tory and at Pennsylvania State University. It is hoped that it will, in due 
course, become possible to extend the range of the International Temper¬ 
ature Scale down to the boiling point of hydrogen. 
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The next possible date for a revision of the International Temperature 
Scale is 1960, and it will be realized that there is a very heavy program of 
work before the national laboratories for the next six years if all the points 
at present outstanding are to be settled by then. 

Optical Pyrometry at the N.P.L. 

I should now like to give some account of the work we have been doing 
at the National Physical Laboratory with the aim of achieving the highest 
possible reproducibility of the International Scale. An example of the accu¬ 
racy which we have been able to attain with the disappearing-filament 
optical pyrometer may be obtained from the work of Barber, 31 who made 
a calibration of the platinum/platinum-rhodium thermocouple over the 
entire range from 0°C to the melting point of platinum. In the range 630.5° 
to 1063°C the normal quadratic equation was used, below that range a 
comparison was made with the standard platinum resistance thermometer, 
and from 1063°C upwards, the couple was compared with the standard 
optical pyrometer. 

The optical pyrometer used had two interchangeable flat-filament lamps 
requiring about 36 ma at the gold point. The design of the pyrometer 
follows the recommendations of Fairchild and Hoover, 32 the entrance angle 
being 0.25 radian and the exit angle 0.1 radian. The magnifying power of 
the eyepiece system is 25. The series of sectors used to reduce the brightness 
of higher temperatures to that of the gold point is set forth in Table 5. 

The assembly of the black body for use at the melting point of gold is 
shown in Fig. 4. The crucible is horizontal, and has a closely fitting lid. 
Both are made of steatite, which can be machined readily before it is baked. 
The lid and the base of the crucible are each pierced with a hole of about 
3 mm diameter, through which passes a sintered alumina tube of 2 mm bore. 
In the center of this tube is a plug of steatite, which is pierced by a very 
small hole parallel to the axis of the tube. This assembly is placed centrally 
in the furnace tube, the ends of which are filled with a series of diaphragms, 
also machined from steatite. In order to achieve the best uniformity of 

I* |. - . the furnace is not lagged, but is simply provided with a steel 

radiation shield. In this way heat losses are not concentrated at the ends. 


s ight tube with Steatite radiation 

Steatite plug shields 

1 ✓ 



shields 


Fig. 4. Apparatus for measurements at the gold point with an optieal pyrometer 
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When the gold melts, it remains in the crucible by the action of surface 
tension. 

This arrangement has many advantages. Since the line of sight is hori¬ 
zontal, it is unnecessary to use a prism in the optical system, while the 
“straight-through" arrangement makes it very much easier to be certain of 
sighting axially on the black body. By the nature of things, if black-bodv 
conditions are good, the aperture of the black body will be invisible. With 
the present arrangement, however, as long as the small hole in the steatite 
plug is visible as a black dot (or a bright one if the furnace is cold and illu¬ 
minated from the rear) one knows that one is sighting axially on the black 
body to within a degree or two. If desired, simultaneous observations of 
temperature may be made at both ends of the furnace. 

One source of error remains to be eliminated. It was found that the melts 
observed with the optical pyrometer were about 0.7°C higher than the 
freezes. 1 his was found to be due to the fact that, during a melt, the sur¬ 
roundings are brighter than the black body, while during a freeze they are 
darker. I his variation in the brightness distribution of the field caused the 
eye to be deceived as to the exact point of disappearance of the black body. 
1 he difficulty was overcome by focusing the black-body aperture on to a 
small iris diaphragm, so that the rest of the field could be obscured. When 
this was done, melts and freezes agreed to within one or two tenths of a 
degree. Table 3 shows a set of ten readings (five approaching balance from 
below and five from above) taken during a freezing point. 

Platinum thermocouples were calibrated at the gold freezing point in the 
conventional manner, using a vertical crucible containing about 570 g of 
gold. These couples were then compared with the optical pyrometer in the 
furnace shown in Fig. 5. The black body consisted of a cylindrical platinum 
box, one end of which was set at an angle so as to avoid specular reflection 
of the sighting hole. The observed differences between two calibrations of 
the optical pyrometer at the gold point (a) by direct observation of the 
freezing and melting points and (b) by comparison with the thermocouple, 
are given in Table 4. 


Table 3 


Down 

Ue 

1063.2 

1063.2 

1063.7 

1062.9 

1063.1 

1062.7 

1062.8 

1062.8 

1062.4 

1063.2 


Means 1063.04 1062.96 

Grand Mean 1063.0 

Difference, down — up: +0.08 


Observer: C. R. B. 
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From this work, it seems that an accuracy of about d=0.2°C may be ob¬ 
tained with the optical pyrometer at the gold point. 

If the ratios of the intensities could be measured without error, =b0.2°C 
at the gold point would lead to an uncertainty of =fc0.4°C at the palladium 
point (1552°C) and ±0.6°C at 2000°C. The limit imposed on the accuracy 
of measurement of the ratios by the sectors used in the pyrometer may be 
gauged from the measurements given in Table 5, which relate to the 15 cm 
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Fig. 5. Apparatus for the comparison of thermocouples with the standard optical 
pj'rometer. 


Table 4. Differences from Direct Observations of Gold Point 


• 

Method 

Pyrometer Lamp 

5o 

Sb 

Direct observation 

Melt. 

+0.12°C 

-0.12 

+0.2 

o.o°c 

0.0 

+0.4 

Freeze. 

Comparison with thermocouple . .. 


Table 5 


Nominal Temperature 
from Gold Point 
CC) 

Accuracy of 
Measurement of 
Transmission 
Factor 
(parts in 10 s ) 

Transmission Factor 
Measured in 

Change in 
Measured 
Transmission 
Factor 
(parts in 10 *) 

Change in 
Nominal 
Temperature 
(°C) 

Feb. 1949 

Jan. 1952 

1129 

1201 

1270 

1309 

1421 

1552 

±7 

±7 

±10 

±20 

±50 

±50 

0.46307 

0.21615 

0.11137 

0.07873 

0.03150 

0.012489 

0.46317 

0.21617 

0.11142 

0.07885 

0.03151 

0.012469 

+22* 

+9 
+45 
+ 150 
+30 
-160 

-0.02 

0.00 

-0.04 

-0.18 

-0.03 

+0.24 


* This sector had been damaged between the two measurements. 
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diameter sectors used in the standard pyrometer at the National Physical 
Laboratory. 


Taking account of possible changes in the transmission factors of the 
sectons, the reproducibility at 1552° and 2000°C must be increased to about 
rfc0.7°C and about ±1.2°C respectively. Further sources of error enter into 
the measurement however; uncertainty of the effective wavelength (which 
varies slightly from one observer to another), difficulty of reproducing 
black-body conditions, and so on. In fact, the reproducibility in actual 
practice is about =fcl°C at the palladium point 33 and ±3°C at the freezing 
point of rhodium (1960°C). 34 


Resistance Thermometry at the N.P.L. 

Resistance Thermometer Design. The type of resistance thermometer 
employed at present at the N.P.L. is that described by Barber 35 in which a 
fieely suspended platinum spiral is mounted in a fine glass U-tube in an 
outer sheath (big. (>). 1 his type has the advantage of being very easy to 
make and shows high stability of resistance. On the other hand the heating 
effect ot the measuring current is nearly four times as great with this type 
of thermometer as with the latest type of thermometer made by Meyers 
to which Dr. Stimson refers in another paper in this symposium. With our 
type of thermometer the heating effect caused by a measuring current of 
1 ma is about 0.002°C, or 0.008°C with the 2 ma current favored by the 
National Bureau of Standards. We have preferred to increase our galva¬ 
nometer sensitivity by using a galvanometer amplifier system based on the 
design of Preston, 36 by which means we can detect current changes of about 
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10~ H a. In this way, we can make a bridge balance, using the technique of 
reversing the battery current, to an accuracy of a few hundred thousandths 
of a degree with a measuring current of 1 ma or 0.5 ma. For work of the 
highest precision it is our practice to extrapolate to zero current, though 
in all ordinary work it is sufficient to work at all temperatures with a stand¬ 
ard current of 1 ma. 

Heat transfer from the bulb wire to the outer envelope can be increased 
some fourfold by filling the thermometer with helium, a practice which may 
be advantageous in some instances. However, the use of a helium atmos¬ 
phere does modify the constants of the platinum wire 37 to an appreciable 
extent, and the practice is not recommended for the standard thermometers 
used for the realization of the International Temperature Scale. Work on 
the design of thermometers is continuing at the N.P.L., not only as regards 
the standard type required at present for the realization of the scale, but 
also for its possible extension to both higher and lower temperatures. 

The Smith Resistance Bridge, Type III. There are three methods in 
general use for the high-precision measurement of a platinum resistance 
thermometer: (1) comparison with a standard resistance by means of a 
potentiometer; (2) measurement with a form of Wheatstone bridge, using 
a commutator to interchange leads and so eliminate their resistance; and 
(3) measurement with a form of Kelvin double bridge. The second of these 
methods is represented by the Smith bridge (Type II) 33 and the Mueller 
bridge, 39 and the third by the Smith bridge (Type III). 88 

The advantage of the first two methods is that lead resistance is com¬ 
pletely eliminated, but at the cost of having to make at least four settings 
to determine the resistance with a potentiometer or two with the Wheat¬ 
stone bridge. With the Smith bridge, Type III, elimination of lead resist¬ 
ance is not perfect, but balance is obtained with a single reversal of the 
battery current. It must be remembered that it is of little use having the 
means of measuring fixed temperatures to very high accuracy, if a com¬ 
parable accuracy is not obtainable in measuring other temperatures, as, for 
example, in the calibration of secondary standard instruments. Such tem¬ 
peratures are, in general, not quite stationary, and the ability to take a 
reading quickly and to hold a balance with a moving temperature becomes 
vitally important. It was for this reason that the National Physical Labo¬ 
ratory had a Smith bridge Type III constructed in 1922. This was the first 

of the type to be made commercially, and essentially the same circuit has 
been used in a new bridge constructed in 1951-2. 

The circuit of the bridge is shown in Fig. 7. P is the resistance thermom¬ 
eter element, and 5 and R the ratio arms, of 1000 and 10 ohms respectively, 
ine equation of balance, if a very small second order term is neglected, is 

P - QR/S + (L 3 - L 2 )R/S 
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provided that the condition 

a = b(R + Q)/(S - R) 

is satisfied. 40 

The small correction term, equal to 0.01 (L, - L 2 ), may be eliminated 
b} making a preliminary adjustment of the lead resistances, until the read¬ 
ing is unaffected by interchanging the leads (4, 3, 2, 1 for 1, 2, 3, 4). This 
is only necessary when, for some special purpose (such as an international 
intercomparison), absolute values of resistance are required. In the ordinary 
realization of the scale, neglect to make this adjustment is not likely to 
introduce an error of more than one or two ten-thousandths of a degree in 
the measurement of the fundamental interval. 

In order that the condition of balance should be satisfied for all values of 
Q>}\ is necessary that part of the arm a should be varied with Q. In Smith’s 
original design, b was made equal to#, and then the variable part of a must 
be equal to Q/ 0.99. Both N.P.L. bridges are made according to this plan, 
but Gautier 40 has since shown that if b is made equal to 0.99S, then the 
variable part ot a must be made equal to Q. This eliminates the need for 
odd value coils in the a arm of the bridge, so that adjustment of the a/Q 
ratio is made easier and can also be more accurate. 



Fig. 7. Circuit of Smith bridge, Type III 
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The 1922 bridge was of conventional construction, having oil-immersed 
coils, the Q arm consisting of six decades, the coils ranging from 1000 ohm 
to 0.01 ohm in resistance. In order to obtain an accuracy of 0.001 °C it was 
necessary to recalibrate the bridge at intervals of five or six weeks, and, 
even so, the random variations in the resistances of the bridge coils were 
such that it was not possible to investigate the constancy of thermometers 
and fixed points satisfactorily. It was therefore decided to try to build a 
bridge of which the stability of resistance would be at least as good as that 
of the thermometers. 

The use of a hundred to one ratio has the advantage that the effect of 
variations of contact resistance in the measuring arm of the bridge is re¬ 
duced to one hundredth of their actual value, so that the need for mercury 
contacts is avoided, but, on the other hand, it involves the use of thousand- 
ohm coils, which are notoriously less stable than those of ten-ohm resistance. 

The solution to the problem of stability was found in adapting the Barber 



Fig. 8. 1000-ohm coil for N.L.P. Smith bridge (1952 model) 
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Bank of twenty 1000-ohm coils for X.P.L. Smith bridge (1952 model) 


design 3 -' tor the platinum thermometer to the construction of 1000-ohm 
coils of .38 s.w.g. Minalpha (manganin) wire. 41 The helix of Minalpha wire 
is laid in grooves in a Perspex (polymethvl methacrylate) disc, forming a 
complete assembly 18 cm in diameter and about (» mm thick (Fig. 8). 
Twenty of these discs (forming a decade of each of the (J and a arms of the 
bridge) are mounted in shallow aluminum trays, which are stacked in a 
pile and bolted together so that the coils are effectively enclosed in an alu¬ 
minium block. Adjustment is made bv means of auxiliary bobbins of 22 
s.w.g. wire external to the assembly and connected in series with the coils. 
About I mm of this wire corresponds to 1 part in 10° of the total resistance 
of the coil, so that sufficiently accurate adjustment can be made with a 
millimeter scale. Fig. 9 shows a bank of twenty 1000-ohm coils with their 
adjusting coils mounted between two 1 1-position switches. 

When these coils were first completed in the early months of 1951, their 
resistances were rising at the rate of about 2 in 10 6 per month. The bridge 4 - 
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was finally assembled in April 1952, and during the year from August 1952 
to August 1953 its calibration changed steadily with a total rise of G in 10 6 . 
During the year ending August 15)54 the rise was only 1.8 in 10 6 : evidently 
the stability will be quite satisfactory. 

The Q and a arms of the bridge each include seven decades, the switches 
of the first five being directly in series, while the sixth and seventh operate 
shunted decades. The zero resistance of the Q arm is made equal to 1 ohm, 
and the variations in this value caused by fluctuations in contact resistance 
of all the switches amount to not more than ±0.00002 ohm provided the 
contacts are operated about, twenty times at the beginning of a day’s work. 
This variation is equivalent to about ±2 X 10- 6 °C in temperature. 

The bridge is installed in an air-bath with continuous circulation, and is 
maintained at a temperature of 27°C, the air temperature being controlled 
to within ±0.01 °C. The temperature over the whole bridge container is uni¬ 
form within a range of about 0.04°C, and temperature conditions inside 
the aluminum blocks will be considerably better than this. As the temper¬ 
ature coefficient of the coils is of the order of 4 in 10 6 per deg. C, tempera¬ 
ture errors are quite insignificant. 

The design of the bridge imposes no limitation on the position in which 
it is operated, and the choice has therefore been guided solely by the con¬ 
venience of the operator. The bridge which we have constructed, in cooper¬ 
ation with Messrs. H. Tinsley and Co., Ltd., (Fig. 10) has been mounted 
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in the form of a pedestal desk with the panel set at an angle of 4.5° to the 
horizontal. 

1 he bridge has undoubtedly been expensive to construct, but we consider 
that it has improved the reliability of our resistance measurements by a 

factor of ten, while needing not more than one calibration a year instead 
of about eight. 


Mercury-in-Quartz Thermometers 

Some recent work at the Bureau International des Poids et Mesures 
brings us back to the point from which we started. During the past few 
years, working in collaboration with the firms of Quartz et Silice and Pro- 
labo, they have produced and calibrated a small number of mereury-in- 
1 used-quartz thermometers ot the same character as the original primary 
standard thermometers made by Tonnelot, which were compared with 
( happuis’s gas thermometer. The use of fused quartz results in a virtually 
invariable zero, thus removing the most serious source of error of the old 
verre-dur thermometers. A\ e, at the National Physical Laboratory, are 
collaborating with the International Bureau by comparing these thermom¬ 
eters with platinum resistance thermometers. The small number of obser¬ 
vations which have already been made suggest that, given suitable observ¬ 
ing conditions, thermometers of this type may provide a useful secondary 
standard, giving an accuracy only a little short of that obtainable with the 
resistance thermometer itself. 


Accuracy of the International Scale 

To sum up, some idea of the degree of reproducibility at present obtain¬ 
able with the International Temperature Scale throughout its range is 
given in Table 6, which also gives a value for the “accuracy of realization.” 
This latter value indicates the possible differences which may exist between 
the International Temperature Scale and the thermodynamic Celsius scale, 
and therefore takes into account the uncertainty in the realization of the 
thermodynamic scale itself. 




Table 6 



Accuracy of 



Temperature 

Realization 

Reproducibility 

Method 

—182.97°C 

±0.02°C 

±0.003°C 

Resistance thermometer 

0 

— 

±0.0001* 

Resistance thermometer 

100 

±0.004 

±0.001 

Resistance thermometer 

444.6 

±0.15 

±0.005 

Resistance thermometer 

1063 

±1 

±0.05 

Resistance thermometer 



±0.1 

Thermocouple 



±0.2 

Optical pyrometer 

2000 

±6 

±3 

Optical pyrometer 


Measurement at the triple point of water. 
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9 . PRECISION RESISTANCE 

THERMOMETRY AND 
FIXED POINTS 


H. F. Stimson 

National Bureau of Standards 


Introduction 


The definition of the International Temperature Scale 1 gives the inter¬ 
polation formulas relating temperature to the resistance of a standard re¬ 
sistance thermometer. The standard resistance thermometer and formula 
together provide the means for determining an unknown temperature rel¬ 
ative to the ice point temperature from a determination of the ratio of two 
resistances of the thermometer, one at the unknown temperature and the 
other at the ice point. Precision resistance thermometry with a standard 
resistance thermometer, therefore, depends upon the precision and accuracy 
with which these ratios can be determined. 

The standard resistance thermometer is calibrated at the ice, steam, and 

cQoon P ° mtS f01 ’ determinatio ' ls of temperatures from the ice point to 
WO C, and further calibrated at the oxygen point for determinations of 

temperatures between the oxygen and ice points. The accuracy of resistance 

thermometry depends fundamentally upon the accuracy with which the 

hxed-pomt temperatures can be realized. Precision resistance thermometry 

therefore requires not only precision measurements of resistances but also 

accuiate realizations of the fixed points when the standard resistance ther- 
mometers are being calibrated. 

The paper, “Precision Resistance Thermometry,” at the temperature 
symposium held in New York in 1939, was contributed by E. F. Mueller 2 

wheT l| 0M f the beglnmng of Precision resistance thermometry in 1887 
“ Ca lendar s paper on resistance thermometry was published He then 

described the procedures of precision resistance thermometry that were the 

141 
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steam, sulfur and ice points which are the fixed points for the first resist¬ 
ance-thermometry part of the International Temperature Scale. Recog¬ 
nizing the importance of this work, the National Bureau of Standards 
began in 1942 to develop apparatus and techniques to improve the accuracy 
of the realization of all four fixed points which are the basis of both of the 
resistance-thermometry parts of the scale. The aim was to make the accu¬ 
racy of realization of these fixed points comparable with the precision of 
measurement. 

Recent Developments in Technique for Precision Determinations of 
Thermometer Resistances 

Measurements of the resistances of platinum resistance thermometers 
are made with a small electric current flowing in the coils of the thermom¬ 
eters. This small current heats the platinum and raises its temperature 
above that of the surroundings. The amount which the temperature of the 
platinum is raised depends upon the construction of the platinum thermom¬ 
eter and often on the environment of the thermometer. For thermometry 
of the highest precision the effects of this heating must be taken into ac¬ 
count. 

When the surface of the protecting envelope of the thermometer is in 
direct contact with a substance which absorbs the heat of the measuring 
current, the platinum is heated only the amount of the temperature drop 
to the outside of the envelope itself. This condition might exist when the 
thermometer is directly in an ice bath or a stirred liquid bath. See Fig. 1. 
There are times, however, when this heat flows beyond the outside surface 
of the protecting envelope before it is absorbed. At these times there is a 
further temperature drop outside the envelope. This condition exists, for 
example, when the thermometer is being calibrated in a triple point cell 
(described later). See Fig. 2. In this instance there is a temperature drop 
from the envelope to the inside wall of the triple-point-cell well through 
the fluid in the well, usually water. There is a further drop in temperature 
through the glass of the well to the outside of the well and then another 
small drop through the film of water outside the well before the heat reaches 
the water-ice surface where the fixed point temperature is maintained by 
the liquid-solid equilibrium. 

Sometimes the temperature drop from the outside of the thermometer 
envelope to the temperature of interest may be made smaller by the use of 
liquids or solids which improve the thermal contact. In the triple point 
cell, for example, it is convenient to use water in the well of the cell. Watei 
is a much better thermal conductor than air but a free fitting metal bushing 
occupying most of the space in the water outside the thermometer coil 
helps a good deal more. In the triple point cell, when 2 milliamperes are 
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*i°- l - Thermometers in ice hath. Temperature distribution from axis of ther¬ 
mometer with 2 milhamperes current. A. Platinum coils of coiled filament ther¬ 
mometer; only alternate coils are indicated. B. Platinum of single layer helix ther¬ 
mometer; alternate turns indicated. C. Pyrex thermometer envelope. D. Ice bath 


owing in the thermometer coils, an aluminum bushing has reduced the 
temperature drop outside the thermometer envelope from about 0.0008°C 
to about 0.0002°C. In the benzoic acid cell 4 at about 122.36°C one can not 
use water, so bushings are of great help. See Fig. 3. In the benzoic acid cells 
especially, it is wise not to use a bushing much longer than the coils because 
the upper parts of the cells cool much sooner than the lower parts. Glycerine 
or oil has been used in the wells of benzoic acid cells to improve the thermal 

ical 1 ’ r T “r be taken lest these con ducting fluids undergo a chem- 
al reaction when they are at these temperatures and thus produce an in- 

atnrc ld OK • S0U i Ce ° f ®. n f , ® r to cause an erroneous determination of temper- 
ature. Obviously a thicker film of a given conducting medium will maintain 
a gieater temperature difference across it. 

Inasmuch as the platinum is heated by the measurin'; cunont if , 
sary to wait till a sufficiently steady state of heat flow is ^ 
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Fig. 2. Thermometers in triple point cell. Temperature distribution from axis of 
thermometer with 2 milliampercs current. A. Coiled filament. B. Single layer. C. Py- 
rex thermometer envelope. D. Water. E. Metal bushing. F. Pyrex thermometer well. 
G. Ice mantle. H. Inner melting. I. No inner melting. J. Water in cell. K. Cell wall. 
L. Outside ice bath. M. Temperature gradient through mantle. 

ments. The time that it is necessary to wait depends upon the temperature 
rise of the platinum and the various heat capacities and thermal conductiv¬ 
ities of the parts of the thermometer and the surroundings that intervene 
between the platinum and the substance whose temperature is being meas¬ 
ured. The approach of the thermometer resistance to the steady state value, 
therefore, is not a simple exponential function of time. For precision meas¬ 
urements it is necessary to have a continuous current flowing in the ther¬ 
mometer coil and to wait till the resistance of the coil has reached its final 
value within the desired precision of measurement. Under different con¬ 
ditions this time has been found to range from a half to five minutes. 

When the thermometer is to be used for precision measurements of 
temperature in places where the temperature is maintained beyond the 
outside boundary of the protecting envelope, the reliable way to make the 
resistance determinations is to measure the resistances at two different 
currents and extrapolate to the resistance which it would have it no current 
were flowing through the thermometer coil. In instances where the highest 
precision is not demanded the temperature drop outside the thermometer 
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Fig. 3. Thermometers in benzoic-acid cell. Temperature distribution from axis 
of thermometer with 2 milliamperes current. A. Coiled filament. B. Single layer. C. 

Pyrex thermometer envelope. D. Air space. E. Metal bushing. F. Well. G. Solid and 
liquid benzoic acid. 

envelope may be small enough to be neglected. For these, the thermometer 
coefficients obtained with 2 milliamperes in the coils may be used. In the 
Callendar formula the alpha coefficient for the 2 milliampere current, how¬ 
ever, will probably differ from the calibration at zero milliamperes bv 
several units in the sixth significant figure. The delta coefficients will not 
iffer significantly. During the past few years, certificates from the National 

Bureau of Standards have stated: “The following values were found for the 
constants in the formula, 

1 _ Rt — Rq (_t _\ t 

aRo \100 V100 ’ 

in which f is the temperature at the outside surface of the tube protecting 
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the Platinum resistor-and R, and R 0 are the resistances of the platinum 
res'stor at l and 0°C respectively, measured with a continuous current of 
-.0 milhampcres.” In some instances, where the user needed to make meas¬ 
urements with higher precision, the alpha coefficients have been deter¬ 
mined tor the current extrapolated to zero. It is possible, however, as we 
shall see presently, to compute the difference in the alpha coefficient to a 

satisfactory approximation from a determination which one can make of 
the heating effect in an ice bath. 

I ho alpha coefficient is defined by the equation a = (/? 100 — 7?„)/l00 /? 0 

When a measuring current (for example 2 ma) is flowing in the thermometer 

coil the resistances, /?,, and It m , will be increased to R 0 + A7? 0 and R m + 

ARl0 ° . If we now call ^ the apparent alpha coefficient, at this measuring 
current, then 


a± = 


(ftioo ~fr~ AR m ) — ( R 0 -f- A/? 0 ) 
100(/?« -f- A/?o) 


I eiforming the division indicated by the fraction we can write the equation 
in the form 

_ Rm - Ro _ L AR lm - (R m /R 0 )AR 0 , AR m - (R m /R,)AR« 

-A * ^ ~ I . - _ — Ct “f“ --—--- 


100 /?,, 


100(/?u + AR 0 ) 


100(/? c + ARo) 

With any given measuring current, the power dissipated in a coil is pro¬ 
portional to its resistance, so at 100° the power dissipated is greater than the 
power dissipated at 0° by the ratio Rm/ Ro . At 100°, however, the thermal 
conductivity of air is 30% greater than at 0° and the thermal conductivity 
of Pyi'ex glass is 13.5% greater. In thermometers of widely different con¬ 
struction the part of the temperature drop through glass from the platinum 
to the outside of the protecting envelope tube may range from 5% to 15% 
of the total drop. Although radiation from the platinum is a few times 
greater at 100° than at 0° it probably accounts for less than 1 % of the heat 
transfer. The temperature drop from the platinum to the thermometer 
envelope tube, therefore, is predominantly through air so if we select the 
value, 1.29, for the ratio of the average coefficient of heat transfer at 100° 
to that at 0° our computations probably will not be in error by more than 
one or two percent. We can, therefore, take A/?ioo = A/? 0 (/?ioo//?o)/1.29. 
Since the value R m /R 0 is about 1.392 we can write 


= « + 


1.392A/? 0 ( 1/1.29 - 1) 
100(/?o + ARo) 


= a — 


0.313A/? 0 
100 /? 


approximately. 


0 


For two milliamperes current the values of A/? 0 for two widely different 
thermometers were found to be 460 microhms and 125 microhms respec¬ 
tively. The corresponding values for a — as are 53 X 10 -9 and 15 X 10 -9 
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respectively. We can get the significance of these values when we consider 
that 39 X 10 -9 for a — a* is equivalent to 0.001° in 100°, hence for these 
thermometers the values for a - a* are equivalent to about 0.0014° and 
0.0004° in 100° respectively. For one milliampere these values would be 
reduced by a factor of four. 

In striving for a precision of a few microhms in the determination of the 
resistance extrapolated to zero current it is necessary to control carefully 
the ratio of the currents used for the measurements and to consider the 
variance of the measurements at each of these currents. Thermometers 
having larger heating ot the platinum at a given current, require greater 
precision in the determination of the ratio of the two currents. Ordinary 
milliammeters are not sufficient for the highest precision and an auxiliary 
potentiometer for setting the current is desirable. When using these meas¬ 
urements for extrapolation to zero-current determinations it will be shown 
that precision in the resistance measurements at the lower current is more 

important than precision in the measurements at the higher current. Sta¬ 
tistical theory shows that 


Sv 


= ( ———) 
\*2 - Xj 


S Ul~ + 


\a*2 - xj 


$ 


'y 2 


where s r - is the estimate of the variance of the zero-current resistance 

*?■' and s„, ! are the estimates of the variance of the means of the lower and 

the higher-current resistances respectively, and .r, and *, are proportional 

to the power (current squared) put into the thermometer coils at the lower 

and higher currents respectively. The values of *,» and S „„ 2 can be deter- 
mined by experiment. 

It sometimes happens that is greater than the S6 „ 2 because the lower 
curient is so small that the deflections of the balancing instruments are 
moie difficult to detect. At different periods in the past we have used cur¬ 
rents ranging from 1 and 1.41 ma to 2 and 7.5 ma but with the instrumenta¬ 
tion used at the National Bureau of Standards it was found that the op- 
unurn value of s Sl 2 was for currents of about 2 ma. With higher currents 

Ind XTc ° f the extrapolatlon t0 the zero-current resistance is greater 
and the determination of the ratio of the high to the low current I more 

mportant. A potentiometer of moderate precision should be sufficient but 

2 : e “ iheh “ <• tiv«,.. 

Let us assume that n observations are to be made to determine 
aistance at zero current and of these n, are at thT lower currenTand ^ 
at the higher. Having determined the estimates s- 2 and s 2 hv p ^ 

we can choose the proportion of the observations that should be^T 6 " 1 
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tistical theory, we find 


ni __ x 2 

^2 W*, 

approximately. As an example let us assume that the currents are 2 ma and 
5 ma. Then if we take, for simplicity, s 0l = s„ 2 we haveni/n 2 = 2 % which 
is the ratio of the number of observations which must be made at xi to those 
at ,r 2 in order to get the best results. As another example let us assume with 
these same currents that s„ x = 3$„ 2 /2. We then have ii\/n 2 = 2 % X % = 
In both of these examples it is evident that many more observations 
should be made at the lower current than at the higher in order to obtain 
the best precision with a given time spent in observing. 

Thermometer Developments 

In his symposium paper in 1939, Mueller mentioned the coiled filament 
thermometer construction described by C. H. Meyers. 5 The purpose of this 
construction was to confine the resistor of the thermometer to a shorter 
length and a smaller diameter than had been thought practical for standard 
thermometers before. About 25.5 ohms at 0°C of 0.087 mm wire are wound 
in a helix about 0.4 mm in diameter. This helix, in turn, is bifilar wound in 
a larger helix about 20 mm long which is supported on a mica cross within 
a Pyrex protecting tube ranging from 7 to 7.5 mm outside diameter. Gold 
leads extend up the protecting tube about 43 cm to a head where the leads 
pass through a hermetic seal to copper leads. 

In 1943 there came to the author’s attention some other small ther¬ 
mometers which were made in Russia. These thermometers were intended 
for measurements of temperature in a range extending up to temperatures 
which are too high for mica to be used for supporting the coils. The resistor 
has a resistance of about 10 ohms at 0°C and is wound in a helix of about 
0.6 mm in diameter. This helix is supported bifilarly on opposite sides of a 
twisted silica ribbon and the coils extend about 40 mm. The coils are en¬ 
closed in a fused silica protecting envelope of about 6 mm outside diameter. 
Platinum leads extend up to a head corresponding to that of the Meyeis- 
type thermometers. 

A platinum thermometer of small dimensions was described by C. R. 
Barber 6 of the National Physical Laboratory in 1950. Some of these ther¬ 
mometers had a resistance of about 28 ohms at 0°C. They were made of 
0.05-mm wire wound, while hard drawn, on a 1-mm mandrel and supported 
inside a fine Pyrex tube of 1.5-mm inside diameter and 0.2-mm wall thick¬ 
ness. The fine tube is bent into the form of a U, the helix is held in place 
by fusing at the bottom of the U and 0.2-mm platinum extensions of the 
helix are sealed into the top of the U. The coils are in a space over 30 mm 
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long. At the top of the U the platinum leads are fused to 0.5-mm gold leads 
which extend up to a head as in the other small thermometers. A G-mm 
outside diameter Pyrex protecting envelope encloses the leads and the U 
with the enclosed coils. 

These three small thermometers which were developed within the last 
25 years have proved their superiority for measuring temperatures in smaller 
diameter spaces than was heretofore possible. This superiority over the 
older type, however, has been somewhat offset in some of these small 
thermometers by the disadvantage that the platinum temperature is not 
as near the temperature of the outside of the protecting envelope. To 
be sure, the resistance at any temperature can be extrapolated to that at 
zero current, as we have seen; but the precision of this extrapolation does 
depend upon the amount to be extrapolated. In using these small coils 
some of the parts of the helices are several diameters of the wire away from 
the wall of the protecting envelopes, and furthermore the area through 
which heat flows to the protecting envelope is smaller in this type than it 
was m the older types. Meyers recognized this disadvantage in his coiled 
filament type of thermometer and developed another type to correct it 
About 1943 he began making thermometers of this new design using 
0.077-mm wire wound in a single-layer bifilar helix 22 mm long with the 
wire only 0.03 or 0.04 mm away from the inside wall of the protecting en- 

7 P “ e hellx 18 ^PPorted on a mica cross in U-shaped notches spaced 
about 0.25 mm on centers. The notches are about 1.5 diameters of the wire 
deep and just wide enough to allow freedom for the wire to adjust itself 
with a minimum of constraint. Gold leads 0.2 mm in diameter extend up 
the envelope to the head. In this type of construction the thermal contact 
of the wire with the envelope is so good that, when a current of 2 ma is in 
e coils, the temperature rise of the wire above the outside of the protecting 

envelope ,s less than 0.002“. In the other types of small thermometer d e 
scribed above, the temperature rise ranges from 2 to 4 times as great ’ 

thef 4 F e f eCt A' hlCh mUSt be guarded a e ainst in precision thermometry is 
the effect on the resistance of the thermometer coil caused by heat conduc 

tion along the leads. This effect is easily determined by experiment Ont 

procedure is to pack the thermometer in a slush of ice and watTt 

ice is just above the coil of the thermometer. The resistance of th '! 

then measured. Packing more ice up around the stem of the th ^ C °' ' S 

to increase the depth of immemion will change the resfstate oTTlT T 
This process ,s continued till further packing does not tt COll ‘ 

by a significant amount. A plot of these data on semi I g e ^stance 
immersion necessary for the precision desired. ° S PSP6r Sh °"’ S the 

Thermometers with heavy gold leads in nnm. 1 

envelope obviously will re q u £ greater 
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platinum leads near the envelope wall. The immersion necessary to reduce 
the effect to within the equivalent of 0.0001° on some of the small ther¬ 
mometers described above ranged from 11 cm to 20 cm from the ends of 
the protecting envelopes. Usually there is provision for sufficient immersion 
so that the lead conduction will produce no significant error in the deter¬ 
mination of temperature, but this effect must be kept in mind for precision 
temperature determinations. Some special thermometers have been con¬ 
structed where special attention was paid to thermal contact of the leads 
with the envelope wall in order to make the necessary immersion very small. 
Ordinarily this precaution is not demanded. 

Thermometers for calorimetry at temperatures below the oxygen point 
are made of the coiled filament type and enclosed in platinum capsules, 
5.5 mm in diameter and 48 mm long. When in use, these thermometers 
are usually soldered into the calorimeters with low melting solder so heat 
conduction outside the protecting envelopes is seldom a problem. Platinum 
leads are sealed through glass which covers the end of the platinum cap¬ 
sule. At the sulfur point, however, the glass seals become conducting and 
increase the difficulty and uncertainty of the calibrations at that tempera¬ 
ture. The electrical conduction in the glass insulation of these resistance 
thermometers has been discussed by H. J. Hoge. 7 In order to have thermal 
contact of the platinum wire with the envelopes of these thermometers at 
temperatures ranging down to near 10°Iv these capsules are filled with hy¬ 
drogen-free helium containing some oxygen. 

In Mueller’s paper in 1939 2 there was a speculation about the changes in 
the coefficients of a thermometer accompanying progressive changes in ice- 
point resistances. He stated “The changes of resistance which occur in the 
resistor of the thermometer are likely to be additive. Changes which affect 


the resistance of the thermometer at all temperatures in the same propor¬ 
tion are less likely to occur.” This is to say Rm — Ro was expected to he 
more constant than Rim/Ro . Since that time we have some evidence, with 
thermometers made of high purity platinum, that the ratio Rm/Ro remains 
constant within our precision of measurement even when the resistance ot 
the thermometer at 0°C does increase by significant amounts. There is 
also some confirming evidence of this from other national laboratories. It. 
appears, therefore, that changes affect the resistance of thermometers pro¬ 
portionally at all temperatures when the thermometers are of high purity 
platinum and well annealed. 

R-. J. Corruccini, 8 on the other hand, has shown that rapid chilling of 
platinum does cause changes which are more nearly additive. He attributes 
these changes to strains set up by the chilling because reannealing restores 
the platinum to the old condition. In general, however, it seems unlikely 
that standard resistance thermometers in protecting envelopes could be 
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subjected to such drastic shillings as he was able to give to his platinum. 

We conclude, therefore, that additive changes are not likely in standard 
thermometers. 

Bridge Developments 

Since Mueller’s paper 2 in 1939 two new bridges have been designed and 
constructed, and are being used for precision resistance thermometry. One 
is an improved Smith Bridge that is in use at the National Physical Labora¬ 
tory. Since this bridge is described elsewhere 9 it will not be discussed here. 
The other is a bridge which Mueller, using his many years of experience, 
designed after his retirement from the National Bureau of Standards. Pro¬ 
totypes of this design were delivered to the Bureau in 1949. Since an ex¬ 
tensive description of this bridge is not in prospect in the near future a 
brief description will be given here. 

The intention of the design of this bridge was to make measurements 
possible within an uncertainty not exceeding two or three microhms. This 
ridge has a seventh decade which makes one step in the last decade the 
equivalent of ten microhms. One uncertainty which was recognized was that 
of the contact resistance in the dial switches of the decades. Experience 

n nnm i "o ‘ T* th ' S Ullcertaint > r can he kept down to the order of 
0 0001 ohm. Switches made with well-planed copper links bridging well- 

p aned copper posts and making contact with an excess of mercury have 

“''iuMi'iercr' 0 / 0 ' ' ta !t reSi; fT,° f CH,lsiderab| y ^ss than one microhm. 
Iu Mueller s design the ends of the equal-resistance ratio arms are at the 

dial-switch contacts on the one ohm and the tenth ohm decades. He has 

made the resistances of the ratio arms 3000 ohms so that the uncertainty of 

30 000 000' WiTh e 30 T 1 ° h f m ’ Pr0dU ? S a “ U,1Certainty of only one P ar t in 

.000,000. With 30 ohms, for example, in each of the other arms of the 

stasar - • * h “ - ”» 20 

£=as 
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tically eliminates an error from lack of balance in the ratio-arms. It does not 
eliminate any systematic error in the contact resistance at the end of the 
ratio arms on the decades, however, because the mercury reversing switch 
has to be in the arms. 


The commutators on these bridges are made so as to open the battery 
circuit before breaking contacts in the resistance leads to the thermometer. 
This makes it possible to lift the commutator, rotate it, and set it down in 
the reversed position in less than a second and thus not disturb the galva¬ 
nometer or the steady heating of the resistor by a very significant amount. 
In balancing the bridge, snap switches are used to reverse the current so 
the heating is interrupted only a small fraction of a second. This practice 
of reversing the current has proven very valuable. It not only keeps the 
current flowing almost continuously in the resistor but also gives double 
the signal of the bridge unbalances. 

In striving for greater precision in resistance thermometry we may ask 
what our limit is. One limit which we cannot exceed is that imposed by the 
Johnson noise which exists in all resistors. The random voltage in re¬ 
sistors at 300°K is given by the formula 8V = 1.12 X 10~ 10 \/#/r where 
R is the resistance in ohms and r is the time in seconds over which the 
voltage is averaged. The quantity, r, could, for example, be the time con¬ 
stant of the galvanometer. From this formula it would appear that the mag¬ 
nitude of the Johnson noise in a circuit including an instrument having a 
one-second period would be of the same order of magnitude as an unbalance 
of 1 microhm in the measuring arm of a bridge when one milliampere was 
flowing in a 25-ohm thermometer. In practice there seems to be a dis¬ 
crepancy between this limit and what we realize. We have found that for a 
net time of over a minute of observing, for observations at 1.5 and 2.5 ma 
to extrapolate to zero current, the determinations of the resistance of ther¬ 
mometers in triple point cells have a standard deviation of a single deter¬ 
mination of about 8 microhms. We have not yet been able to attribute this 
discrepancy either to the bridge, the thermometer, the galvanometer, the 
triple point cell, or the observer and it remains one of the unsolved problems 
of precision resistance thermometry. 


Fixed Points 

For the calibration of platinum resistance thermometers on the Interna¬ 
tional Temperature Scale four equilibrium fixed points are defined, one of 
which is a freezing point and the others are boiling points. To realize these 
fixed points it is assumed that it is better to strive for realizations of the 
definitions rather than to follow recommended procedures which were set 
up as standard practice in the past. At the National Bureau of Standards 
the triple point of water sealed in cells is used exclusively to derive the ice 
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point. The boiling points of sulfur and water are realized by active ebul¬ 
lition in boilers connected to a pressure-controlled reservoir of helium. The 
pressure of the helium is controlled manually by means of a precision man¬ 
ometer to give one atmosphere pressure at the level of the thermometer 
coils. The boiling point of oxygen is realized in an apparatus which contains 
saturated liquid oxygen and its vapor at one atmosphere pressure. The oxy¬ 
gen is separated from the helium of the reservoir by a thin metal diaphragm 
which indicates the balance between the oxygen and helium pressures. 

Triple Point of Water 


ui o me lonow 


At the General Conference on Weights and Measures 
mg resolution was adopted: 

“With the present-day technique, the triple point of water is susceptible 
of being a more precise thermometrie reference point than the ‘melting 

“TheAdvisory Committee considers, therefore, that the zero of the 
thermodynamic centigrade scale should be defined as being the temperature 
0.0100 degree below that of the triple point of pure water.” 

The triple point of water has been realized for the past several years in 

" Cells of ab ° ut 5 em 1,1 diameter with reentrant coaxial wall/for the 
hermometem about 39 cm long and 1.3 cm in inside diametlr Figure 4 

, f*=;t as* ass :z s, r, ara 

ill"' *«■«"* -* ”»*»«s rinis t 1 s 

« taiaa t r 

on the walls runs down in n nrmt; ^ ™ condensed steam 

They are then connected to a still Xh IXTsX 

gases from distilled water Thmr , ; y per cent of dissolved 

wi«».bo„ l2tm ir l , .p T iar‘“ <1 ‘" d ““ ' i,h «* •« 

f™"a?ssrXdS'as 7'°.f" ordh " y 

rrr " >L 

cimshed dry ice (solid C0 2 ) until the i y ^ - We and keep filIed with 
cedure takes about T* ™ S pro ~ 

started it may take a minute or m2 to t tiateT ** 1CC is 
appear as fine needles along the outside of the n Crystals 
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Fig. 4. Triple point cell. A. Water vapor. B. Pyrex cell. C. Water from icc bath. 
D. Thermometer well. E. Ice mantle. F. Air-free water. G. Flaked ice and water. 
II. Insulated container. 

up. When sufficient ice has been frozen on the well, the dry ice is withdrawn 
from the well and the cell immersed below the water level in the ice bath so 
that ice-cold water fills the well in order to improve the thermal contact of 

the thermometer with the water-ice interface. 

The process of freezing purifies the water and concentrates the impuiities 
in the water ahead of the ice as it forms on the outside surface of the ice 
mantle. These concentrated impurities lower the temperature on the out¬ 
side mantle surface by a significant amount unless the water was very pure 
before freezing. If, now, a warm tube is immersed into the well for a few 
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seconds, enough of the pine iee next to the well will be melted to free the 

mantle and provide a new water-ice interface. It is easy to see when the ice 

mantle is free by giving the cell a quick rotation about the axis of the well 

and noting whether or not the mantle rotates with the cell. This new water- 

ice surface provides the temperature for calibrating thermometers. See 
Fig. 2. 

This procedure of inner melting is believed to be very valuable for ob¬ 
taining reproducibility of temperature. We have seen that freezing purifies 
the sample from the well outward and that the inner melting produces 
liquid from ice which is much purer than the water outside the mantle. 

his means that less effort has to be expended in preparing and filling the 
cells than would be necessary if other procedures for freezing were used 
Experience shows that the inner melting procedure, in the cells at the Na- 

;r' B T U 0f . Sta " dards ’ provides temperatures which are as identical 
each other and as reproducible as we are now able to differentiate tem- 
peiatures, namely, within about 0.00008°C 

Temperatures at the outside of thick mantles in some cells about two 
years old on the other hand, were found to be about 0.002“ low when first 

«h “2: ; h e 1 3 h ? lf h ° Ur ° f freeZi ” g ’ bUt ™ ■**« -m-al ho^ 
hereaftei. These low temperatures are believed to be caused by impurities 

int u mg issolved glass) and the rising temperatures by diffusion of the 
oncen rated impurities away from the outside surface of * 

ro V when T t h h e ^ ^ M -^.“s no 

~=s a 

to impurities This result no-o' u • a ^ e ^ ree ^°"> presumably due 
melting technique for obtai^ ^ “ 

Precision Manometer 

-,r--■ - * 
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aim in the design was to make his ^ Sh ° r \ C ° Iumns ° f end standards. The 

™«•» •» —y “T ,°' r»- 

manded by present-day precision the™,,\ b * h,S accurae y is not de- 

y Precision thermometry. Fig. 5 shows a scale di- 




Fig. 5. Manometer: A. Hoke blocks. B. Mercury cell. C. Mercury pump. D. Ar¬ 
ticulate tube. E. Insulated capacitor plate. F. Reference capacitor. G. Pneumatic 
switch. H. Helium supply. I. Helium pump. V. Vacuum line. 

Steam point boiler: AW. Boiler wall, tinned copper. BW. Heater. CW. Liquid 
water. DW. Layer of silver wires. EW. Radiation shields. FW. Thermometer wells. 
GW. Water vapor condenser. HW. Dry ice trap. 

Oxygen point apparatus. AO. Copper block. BO. Oxygen bulb. CO. Liquid oxygen. 
DO. Heat interceptors. EO. Radiation shields. FO. Thermometer well. GO. Cooling 
tubes. HO. Envelope. 10. Liquid nitrogen. JO. Liquid nitrogen inlet for cooling. 
KO. Metal diaphragm. LO. Diaphragm cell wall. MO. Insulated island. NO. Glass 

insulator. PO. Clamp for diaphragm. V. Vacuum lines. 

Sulfur point boiler. AS. Boiler wall, aluminum. BS. Radiant heater. CS. Liquid 
sulfur. DS. Layer of aluminum wires. ES. Radiation shields. FS. Thermometer wells. 
GS. Sulfur vapor condenser. HS. Dry ice trap. IS. Feeler thermocouple. 
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agram of the manometer at the left connected to the steam point boiler, 
the oxygen point apparatus, and the sulfur point boiler. 

The pressure which is measured with this manometer is balanced by a 
column of mercury. Pressure is the product of the height of the column 
multiplied by the density of the mercury and by the gravitational accelera¬ 
tion. It is believed that the height of the column can be determined with 
this apparatus to the accuracy of calibration of the end standards, which 
heretofore has been about two parts in a million. The value of the density 
of mercury at 0°C, according to recent reports, may be uncertain to one or 
two parts in 100,000 but it is the opinion at the National Bureau of Stand¬ 
ards that differences of more than about four parts in a million are not to 
be expected between different samples of virgin mercury, gathered any¬ 
where on the earth. The value for the gravitational acceleration may be 
uncertain by nearly one part in 100,000 but values relative to the value 
determined at Potsdam are known with high precision. For these reasons 
it is believed that the reproducibility of the steam point in different labora¬ 
tories could be in the order of 0.0001 °C, inasmuch as this corresponds to 
about four parts per million in pressure. 


The principal features of this manometer, which make such precision 
possible, are the large cells for the mercury surfaces to eliminate the un¬ 
certainties of capillary depression, an electrostatic capacitance scheme for 
determining the height of the mercury surface, and the use of end-standards 
2.A cm square for supporting these cells. 

The mercury cells are about 7.3 cm in inside diameter. They are made of 
steel with the tops and bottoms about 2 cm thick, which is thick enough to 
prevent a significant flexure by a change of pressure of one atmosphere. A 

l U t? b0 T 3 mm lnSlde dlameter P ermits mercury to flowfrom one cell 
to the other. To permit raising the upper cell to the desired height this 

“ u .Lv“ S Jol tcri ““‘ "*• "'"" d 10 th « 


Both cells are supported on a cast iron base by Hoke gage blocks which 
are end-standards as precise as the better-known Johansson Mocks b ut 
being square, are more suitable as columns for supporting the cells’ The 
ends of these blocks are accurately parallel. The colL,, s of b.oct are 
cm apart at the base. One block is fastened securely to the bottom n f * h 

Z “ *““7 b “ »—y .0 .h, 2 “ 
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together with a separation of less than a hundredth of a micron. In 14 years 
the blocks have been calibrated a few times at the National Bureau of 
Standards and none has changed for more than four parts in a million. 

Above the mercury there is an electrically insulated steel plate 3.5 cm 
in diameter for determining the height of the mercury in the cells. The elec¬ 
trostatic capacitance between the plate and the mercury is part of the capac¬ 
itance in one of the two circuits of a beat frequency oscillator. In a shielded 
chamber above the cell is a reference capacitor which is adjusted so that its 
capacitance is equal to the capacitance between the plate and the mercury 
tor the desired height of the mercury. A pneumatic mercury switch permits 
the interchange of these two capacitors in a few seconds. It has been found 
convenient to have the spacing of the mercury from the plate about 0.15 
mm. At that height, a change of pressure of one micron changes the capaci¬ 
tance by 0.2 /i/if which changes the beat frequency by (50 cycles; hence the 
manometer is sensitive to much less than 0.1 micron of mercury pressure. 

Ripples are always present on the surface of the mercury in a cell of this 
diameter (7.3 cm) at any place within the National Bureau of Standards. 
Their wavelength is small in comparison with the radius of the plate and the 
effect of the crests of ripples compensates for that of the troughs. No effect 
of these ripples on the capacitance is noticeable until the mercury ap¬ 
proaches to within 0.1 mm of the plate. 

It is obvious that temperature control is important not only for the length 
of the steel blocks but especially for the density of mercury. The combined 
effect is such that a change in pressure of one part in a million is produced 
by a change in temperature of about 0.00() o C\ To provide for temperature 
control the manometer is mounted on a low pier in a cellar below the base¬ 
ment floor where temperature fluctuations are minimized. The cellar is 
about 4.5 meters deep, 4.3 meters long and 2.1 meters wide. The manometer 
is operated bv remote control. The air is circulated in the cellar and the 
relative humidity reduced below 50 per cent by passing it over refrigerated 
coils and reheating it. 

At the base of the manometer a platinum resistance thermometer is 
placed in a copper block. On the surface of this block are placed reference 
junctions of three sets of multiple-junction thermocouples tor determining 
the mean temperature of three different parts of the mercury column. I here 
are twelve measuring junctions in series on the manometer arm from the 
shoulder to the wrist joint, six junctions on the tube from the lower cell 
down to the shoulder joint, and three junctions from the wrist joint up to the 
upper cell. These provisions make it possible to determine the mean tem¬ 
perature of the mercury itself and, should the temperature not be the same 
on the tubes to the upper and lower cells, the difference in density can be 
accounted for. The temperature of the manometer ordinarily drifts only a 
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tew hundredths of a degree per day. This rate is so small that occasional 
measurements taken during the day are sufficient for corrections. The tem- 

peiatuie of the blocks is assumed the same as the mean temperature of the 
mercury. 

The procedure for obtaining the desired pressure by means of the height 
of mercury column is, first, to determine the “zero level,” and then to in¬ 
crease the height of the upper cell by the height of the desired column. 
Foi the zero level, the proper blocks can be found and the reference capaci¬ 
tance made equal to the mercury capacitance on each cell when both cells 
are evacuated. When this equality of capacitances is again realized, with 
pressure in the lower cell and with the upper cell still evacuated, the height 

of the mercury column is the same as the extra height of blocks added to 
the upper cell column. 

Since the two columns of gage blocks are spaced 18 cm apart it is im¬ 
portant to know whether they maintain their relative heights. For this 
reason the zero level of the manometer has been followed for several days 
before and after the time when the manometer is used at one atmosphere, 
experience shows that the drift in zero level is less than one micron. The 
effect of the change of level caused by the extra weight of 30 inches of 

g K ge . b no kS ( ut ., 3 ,: 4 kg) was determined experimentally and found to be 

about 0.2 micron. The compression of the 30 inches of gage blocks by half 

the weight of these blocks and by the weight of the cell with its mercury 
"ted’for t0 b£ ab ° Ut °' 3 miCr ° n ' TheSe effects Out are 

mlrr the - Pr “ ° f the helium there are needle valves for ad¬ 
mitting or removing helium from the lines. Small changes in the helium 

pressure are controlled by a piston about 0.75 cm- cross section area which 

bench T5 V meters 0r ab Ut tl Sma " ^ helk,m ' ine at the C01ltl 0 > 

bench 4.o meters above the manometer. The piston is moved by a screw 
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The boiler is made of copper heavily tinned on the inside to prevent con¬ 
tamination of the water. It is made of a tube 8.7 cm in diameter and 40 
cm long, closed at the ends. There are six reentrant thermometer wells 35 
cm long extending from the top cap down into the vapor space. These wells 
are of various diameters of thin-wall copper-nickel tubing which is also 
tinned on the surface exposed to the water. These wells are separated where 
they extend through the top but at the bottom they are as close together 
as is convenient without touching. Surrounding the wells is a conical radia¬ 
tion shield of tinned copper which is sufficiently open at the top and bottom 
for free passage of vapor around the wells. 

At the bottom of the boiler there is a reentrant copper-nickel heater dome 
with a shallow conical cap at the top. Inside this dome is a heater, wound 
on mica on a copper spool which is enlarged at the top for a short length 
for soldering into the reentrant dome. By this construction most of the 
heating power is supplied in a zone just below the surface of the water in 
the annular space at the bottom of the boiler surrounding the heater dome. 
On the outside of the heater dome is a single layer of closely spaced vertical 
silver wires about 0.4 mm in diameter. These wires are bound to the sur¬ 
face with three horizontal hoops of silver wire. The vertical silver wires 
extend from the bottom of the dome to about 2 cm above the top of the 
dome and there the ends are brought together in a bundle around the axis. 
This construction was adopted for the purpose of holding a small residual 
of vapor in the cusp-shaped spaces between the dome and the wires, to 
avoid explosive vaporization. It has proven most effective. 

Below the radiation shield around the thermometer wells are two shal¬ 
low conical shields which serve to prevent direct radiation from the walls 
to the outside walls of the boiler and also serve to drain condensed water 
from the boiler wall to the axis where it drips onto the bundle of silver 
wires at the top of the dome. By this construction it is believed that these 
wires are kept wet continually during operation and there are no exposed 
surfaces at temperatures above the saturation temperature. 

Since the temperature of the boiler is about 75° above that of the room, 
considerable heat flows out through the boiler wall. This heat is supplied 
on the inside of the boiler by condensation of the water vapor to liquid 
which flows down the wall in a film computed to be 0.05 mm thick. As¬ 
suming the liquid-vapor surface to be at the saturation temperature there 
is a temperature gradient through the liquid film so that the inside ''all of 
the boiler is probably less than 0.1 degree below the saturation temperature. 
Since the boiler is a little below the saturation temperature, the radiation 
shield radiates a small amount of energy to the boiler most of which it 
receives by condensation of vapor on both its inner and outer wall sur¬ 
faces. The radiation shield, therefore, is nearer to the saturation tempera- 
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ture than the wall of the boiler is by a factor of several hundred. The wells, 
in turn, ladiate heat to the radiation shield; but, since the temperature of 
the radiation shield itself is very near the saturation temperature, the 
wells eeitainly should be at the saturation temperature within our pre¬ 
cision of temperature measurements. Indeed, computations indicate that 
there might have been sufficient attenuation by the wells alone but the 
radiation shields provide enough more attenuation so there can be little 

chance that the wells containing the thermometers are at a temperature 
that is significantly low. 


From the top of the boiler the excess vapor flows up through a short 
tube, about 1.8 cm inside diameter, to a condenser which starts above the 
boiler. 1 he condenser is cooled by ice-cold water first flowing in a core on 
the axis and then in a water jacket on the outside of the 1.8-cm tube. The 
inner and outer water-cooled surfaces are about 3.7 cm long. This construc¬ 
tion provides an annular space with a radial separation of about 0.4 cm for 
the vapor to flow through on its way to the cold walls where it is condensed 
to liquid. In this space the water vapor meets helium from above The 
level of this water-vapor to helium interface depends on the amount of 
excess water vapor that must be condensed. The area over which conden¬ 
sation is taking place is determined by the temperature of the metal, the 
tFickness and thermal conductivity of the liquid film, and the power flow- 

the sat? 11 ? th r 6 m ’ The liqUld_Vapor surface ma y be assumed to be at 
the saturation temperature. 

Above the condenser, the helium extends up in a tube which is soldered 
to the incoming cold water tube. At this place there is a shut-off valve 

’ ™, m the valve th e helium line extends in a 0.5-cm horizontal tube that is 
soldeied to a copper tray for dry ice (solid C0 2 ) and then down to the 

The'rarT t “urn leServoir 0,1 the P>er in the cellar. 

The radiation shields and wells in the boiler provide such effective mo 

tection against a temperature that is too low that thp f ^ 
whether or not the wells might be superheated bv the „ Q tl0n arose 

Itum ?“ e 7 and thC tempC, ' ature be al >ove the saturation te“ 

?“r 
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This construction furnishes enough thermal insulation so that only about 
70 watts of power are necessary to maintain the boiler at 100°C. The power 
in excess of 70 watts goes to maintaining a flow of vapor into the con¬ 
denser where it meets the helium. It is common practice to use 125 watts 
in the boiler at the steam point. 

Since the steam point is defined as the temperature of equilibrium be¬ 
tween liquid and its vapor at 1 atmosphere pressure it is necessary to de¬ 
termine this pressure at the height of the center of the thermometer coils 
when they are in the wells. The accounting for pressure considers the fluid 
heads of columns of water vapor, helium, and liquid mercury at their re¬ 
spective temperatures and the saturation pressure of mercury vapor at 
the upper cell temperature. 

Increasing the power input to the boiler increases the flow of water 
vapor into the condenser and raises the helium because more surface is 
required for condensation of the water vapor. This increases the pressure a 
little because the head of water vapor is greater than that of helium. The 
more noticeable change, however, is the volume of helium which must be 
withdrawn from the system to maintain the pressure constant. 

Some flow into the condenser is necessary to oppose diffusion of helium 
down to the level of the thermometer coils. Helium near the thermometer 
wells would decrease the water-vapor partial pressure and hence the tem¬ 
perature. It is for this reason that the tube to the condenser is not large. 
The fact that helium is lighter than water vapor is favorable for avoiding 
convective instability. Too great an excess of power can be undesirable, 
however, because it increases both the length and the velocity of the stream 
of vapor ascending into the condenser. This increases the head loss due to 
viscous or turbulent flow. Experience shows, however, that the excess power 
can be increased by 100 watts without producing any significant error in 
the determination of temperature near 100°C. It is not until low pressure 
measurements in the neighborhood of 30°C are being made with this boiler 
that these effects become significant. 


Sulfur Point Boiler 

In the text of the 1927 International Temperature Scale 10 the recom¬ 
mended experimental procedure for the sulfur point was specified in con¬ 
siderable detail. At that time the precision of temperature realization at 
the sulfur point was considered good when it was in the order of 0.01 . 
Since that time it has been demonstrated that a greater precision is at¬ 
tainable when the sulfur boiler is connected to a closed system. 1 his led in 
1948 to the definition of the sulfur point temperature as 444.600°C, 1 where 
the last figure only represents the degree of reproducibility of that fixed 
point. A temperature change of 0.001° at the sulfur point corresponds to a 
change of pressure of about 10 microns ol mercury. 
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In 1951 a closed-system sulfur boiler was completed at the National 
Bureau of Standards and connected to the precision manometer. In the 
design of this boiler the same principles were used that proved successful 
in the steam boiler. In this new boiler the liquid and vapor sulfur are ex¬ 
posed only to 28 aluminum (which is the purest commercial grade). The 
boiler was constructed from sheet nearly 1 cm thick. It is 45 cm tall and 13 
cm in inside diameter. The entire apparatus was welded together by means 
of an inert-gas arc using welding rods of the same 2S aluminum. 

At the bottom is a heater dome which is analogous to that in the steam 
boiler. This dome is surrounded by a single layer of closely spaced vertical 
aluminum wires, 1.5 mm in diameter, analogous to the silver wires in the 
steam boiler. 4 hese also are effective for avoiding explosive vaporization. 
Heat for boiling is supplied by a radiant heater which has a nominal rating 
of 660 watts but only about 420 watts are normally used. On the boiler 
itself is wound an additional heater with a capacity of about 1000 watts 
which aids in raising the temperature of the boiler and contents from room 
temperature to near the sulfur temperature in about an hour. As the sul¬ 
fur temperature is approached the power in this heater is reduced until 
the whole load can be taken on the radiant heater. The heat conducted 

away from the boiler itself is about 380 watts when the steady state has 
been established. 

Ten thermometer wells of various sizes extend down from the top into 
the vapor space. The axes of these wells approach each other as they ex¬ 
tend down into the vapor space so they are closest together at the level of 
the centers of the thermometer coils. Stainless steel liners 0.25 mm thick 
\\ere drawn with the aluminum tubing for the thermometer wells. These 

wT Tuw n0t ^ t0 ^5“ th<5 Wel ‘ S but aIso t0 P revent the aluminum 
from rubbing off onto the protecting tubes of the thermometers when 


Between these wells and the walls of the boiler are two cylindrical radia¬ 
tion shieIds; at the top there are four, and at the bottom six conical radia¬ 
tion shields alternately diverting the fluid flow to and away from the axis 
yet preventing direct radiation away from the wells. These shields are 

XnTff n :V eSS tha " 9 mm apart which should be ample to avoid any 
significant drop m pressure of the vapor as it enters these spaces As it w 

ound for the steam boiler, computations indicate that one less shield minht 

Stl h SUffi r\ £0 ’ With the present llumber * radiatioiTshieIds Tern 

little chance that the wells containing the thermometers are at a 
ture significantly lower than the saturation temperature Pe ’ a ' 

Un the axis above the top of the boiler is a stack iQp m 
for condensing the excess of sulfur vapor In S theIT ^ 
this diameter nearly 18 cm above the bodv of th h l t?* Cn< * S Up Wlt ^ 
** - - * — 
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mm. Above this thin section is welded a thick section on which is turned a 
cone about 5.3 cm long with a taper of 1 in 10 from the axis. On this cone 
there rests a sleeve of brass to which are soldered several turns of copper 
tubing for cooling water. Above the cooling section is a cap, sealed with a 
Teflon gasket, from which a tube leads away to the manometer. Down 
through this cap there also extends an aluminum tube, about 4 mm in 
diameter, carrying a pair of thermoelement wires to a ring of aluminum 
within the thin section of the stack. This is a feeler thermoelement which 
serves to indicate the height at which the helium meets the hot sulfur vapor 
during the operation of the boiler. Its height is adjustable but it is usually 
kept about 3 cm below the thick section of the stack. 

It may seem paradoxical that water cooling is used for sulfur which 
freezes at about 119°C. The hot saturated sulfur vapor at 1 atmosphere 
pressure, however, does not reach the thick section of the stack which is 


water cooled but stops at the level where the heat of vaporization has all 
been given up to the thin wall of the stack at temperatures well above the 
freezing point. At this level the stack temperature differs most from that 
of the saturated vapor so the rate of heat flow to the stack is a maximum 
as is also the temperature gradient in the stack. Above this level there is 
little condensation and the gradient decreases slightly owing to the loss of 
heat from the side of the stack. 

Experiments were made changing the power input into the boiler to 
change the height of the hot saturated vapor in the stack. Temperature 
gradients along the stack were determined by means of ten thermocouples 
spaced uniformily. From these experiments it was concluded that the 
height of the top of the hot vapor was about at the level of the feeler thermo¬ 
couple in the stack where the thermocouple electromotive force increases 
most rapidly with an increase in vapor height. From these experiments it 
also was concluded that viscous flow of vapor in the stack caused an in¬ 
significant loss of head, as it was found for the steam boiler. 

It is important to know the height of the saturated vapor at one at¬ 
mosphere, because, according to the values used at the Massachusetts In¬ 
stitute of Technology, 11 its density is such that 4.0 cm of vapor head 
corresponds to a change of saturation temperature of 0.001°. Having de¬ 
termined the height of the hot saturated vapor with the feeler thermo¬ 
couple, a better accounting can be made of the pressure of the vapor at 
the height of the thermometer coils. In the helium above the top of the 
hot vapor the stack temperature is so much lower than the sulfur point 
that the cooler saturated sulfur vapor at these temperatures contributes 
very little partial pressure head. 

The stability of this sulfur boiler has brought to light a phenomenon 
which heretofore had escaped attention. When the sulfur is started to boil, 
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after a period of rest, the temperature is observed to fall for a period of 
about a day. The temperature then approaches constancy at about a 
hundredth of a degree below the initial temperature and has been found to 
remain there for periods lasting over a week. On account of this phenom¬ 
enon the practice is to delay calibrations in the sulfur boiler until at least 
a day after the boiling is begun. 

An analysis was made of the purity of the sulfur which had been used 
foi sulfur boilers. It was found to contain less than a part in a million each 
of selenium, arsenic, and tellurium. Mueller 12 reported that one part in a 
thousand of selenium and arsenic added to the sulfur gave a combined 
raising in boiling temperature of less than 0.1°. After having been boiled 
the sulfur did, however, contain about 140 parts per million of carbon, 
76 parts per million of nonvolatile matter, and about 8 parts per million 
of iron. Sulfur was purified by T. J. Murphy in the NBS Chemistry Divi¬ 
sion and the resulting sulfur was found to contain 2 parts per million of 
carbon, 3 parts per million of nonvolatile matter, and less than 1 part per 
million of iron. When this purified sulfur was used in the sulfur boiler no 
changes were found either in the final boiling temperature or the phenom¬ 
enon of falling temperature. The practice in the use of the sulfur boiler 
has been to boil a new batch of sulfur for several hours to drive off gases 
and then to cool the sulfur in order to evacuate these gases before starting 
the boiling for calibration work. During use a small amount of helium is in 
e boiler stack for transmitting the pressure out to the manometer Be¬ 
tween runs this helium is left in the boiler. Our present conclusion is that 
the phenomenon of falling temperature is not a result of impurities in the 
sultur, but is another unsolved problem concerning precision thermometry. 

Oxygen Point Apparatus 


A new oxygen boiling point apparatus is now in operation It also is 
connected to the precision manometer. This apparatus uses the stable 
qu. ibrmm between liquid oxygen and its vapor rather than active boiling 
as m the steam and sulfur boilers. The essential part of this apparatus is a 

weMsT block "’ hlch contains an oxygen vapor-pressure bulb and ei°ht 

ifd lTltuid ,h “ terS - £ «°'i oxygen bulb contahfs 
tew drops of liquid oxygen m equilibrium with vapor near the position of 

the resistors of the thermometers being calibrated Snnn.W i 

'■» «•—- ««£ xs 

cell which is at about room temoeratiirp THa ^ ® 

p T « cz rr s ,he 

The elhT Pe n ° f Ck ,. 1S V ylinder ab ° Ut 7 Cm b > dimeter and 18 cm tall 

are of thin the . tbemometers lending up from the copper block 

of thin copper-nickel tubing which has a low thermal conductivity 
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These wells lead up through liquid nitrogen to the outside of the apparatus 
near room temperature. Above the copper block are two heat interceptors 
soldered to the wells. In thermal contact with these heat interceptors are 
copper shields which surround the entire copper block. 

Outside the shields is a brass envelope placed in a bath of liquid nitrogen 
which boils at about 13 d below the oxygen point. The brass envelope is 
evacuated in order to eliminate heat transfer by gaseous conduction from 
the copper block and the surrounding shields. The heat interceptors are 
heated electrically and controlled to temperatures close to that of the 
copper block. These interceptors serve to isolate the block so completely 
that temperature variations do not exceed 0.001° in the block near the 
thermometer resistors. For the initial cooling of the block and interceptors, 
tubes are soldered to them so that liquid nitrogen from the bath can be 
admitted through a valve above the envelope. The vaporization and heat¬ 
ing of the nitrogen remove energy at a rate which makes it possible to cool 
the apparatus to a temperature below the oxygen point in about 2 hours. 

In the helium line from the precision manometer to the steam and sul¬ 
fur bath it is a simple matter to prevent either the steam or sulfur vapor 
from reaching the manometer bv the use of dry ice to cool a horizontal 
portion of the transmitting line. For the oxygen point apparatus, however, 
it is not so simple. The method chosen is to use a plane metal diaphragm 
about 00 microns thick which separates the oxygen from the helium yet 
is so sensitive and so reproducible that it will permit the determination of 
the oxygen pressure within the equivalent of 0.0001° in its saturation tem¬ 
perature. The diaphragm is held in a cell with walls so close that the dia¬ 
phragm is supported after it has been displaced a small amount by pres¬ 
sure, and thus the support prevents the diaphragm from being strained 
beyond its elastic limit. 


The diaphragm cell is made of stainless steel and has an over-all diam¬ 
eter of about 13 cm. This diameter is for flanges, which extend out from 
each of two central supporting walls which are about 10.2 cm in diameter. 
The diaphragm is held between these supports on plane areas about f> mm 
wide near the 5-cm radius. Inside this supporting surface the wall is ground, 
lapped, and polished to a spherical concave surface having a radius of 
curvature of about 15 meters. On the helium side of the diaphragm the cell 


wall has a central electrically insulated island about 4.5 cm in diameter 
which is used for determining the null position of the diaphragm. I his 
island is spaced about 0.15 mm from the main wall. The insulation is an 
annular sheet of Pyrex glass about 8 mm thick which is clamped both to 
the island and to the body of the cell. The insulator was used to hold the 
island in place when the cell body wall was being made spherical. Sub¬ 
sequently the island was removed for cleaning and replaced so the spherical 
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surface of the island was continuous with that of the body wall within a 
fringe of light. Between the flanges there is a recessed space for a pair of 
clamping rings, each about 13 cm in diameter and 1 cm thick, which clamp 
the diaphragm at a diameter of about 11 cm. When the diaphragm is 
clamped in its rings, it is laid on the island side of the cell and drawn 
axially toward the flange by means of screws. This stretches the diaphragm 
to a plane in a manner analogous to the tuning of a kettle drum. 

The centei of the diaphragm is about 70 microns from the island surface 
when the diaphragm is in equilibrium. The difference in electrostatic capaci¬ 
tance between that of a reference capacitor and that of the island to the 
diaphiagm indicates the displacement of the diaphragm away from its 
equilibrium position. A beat frequency oscillator is used for this indication 
in a manner analogous to that for the precision manometer. 

An excess of pressure on one side forces the diaphragm against the wall 
on the other side of the cell and further excess pressure makes little change. 
When the excess pressure is removed the diaphragm returns nearly to its 
original position. In order to be effective for a precision of 0.0001°, the 
diaphragm must return to its original position within the equivalent of 
10 microns of mercury pressure. This has been done to within the equiva- 
lent of a few microns pressure so the reproducibility appears adequate, 
lhe diaphragm cell, however, has been found to be somewhat sensitive to 
temperature changes so it is enclosed inside a pair of thick-walled alumi¬ 
num boxes with the outside box thermostat ted at 28°C. 

The diameters of the protecting envelopes of the thermometers which 
must be calibrated in this apparatus differ so much that various diameters 
of wells are provided, ranging from 7.5 to 13 mm in diameter. The length 
ol the wells is a compromise at about 41 cm long. This provides sufficient 

t r“ f01 ' m °, St ‘ heiTOOm eters but may be too long for a few special 

ZZZZ* Tit St6mS - SinCC the b0Uing P ° int of is below 

that of some of the gases m air, such as carbon dioxide and water vapor 

in he w7ll Pr p Sent m SmaU q r ,ltitieS ' H is d ^imble to avoid these gases 

he we L h V,S, °" 1S made ’ therefore - for sealing the thermometers in 
the wells by means of rubber sleeves at the top, evacuating the air and 

introducing dry helium in the wells. The use of helium in the wells ha!s the 

added advantage that helium has a greater thermal conductivity than air 

envelope' 6 ‘ mPr ° VeS C ° ntact ° f the " el > with the thermometer 

Conclusion 

thetmwnet^-'and hou^much ttlTTT TT To go ShTet^ 

menta possibilities that are known to us now. The precision of resistance 
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thermometry has been increased by the attention to some details in the 
technique of measurement and by improved designs of instruments. It 
has been seen that the present triple point cells and the boilers for realizing 
the steam, sulfur, and oxygen points make it possible to attain an accuracy 
that is comparable to that indicated in the text of the International Tem¬ 
perature Scale. These accomplishments, however, yield results which fall 
short of the precision in resistance thermometry which appears to be possi¬ 
ble before it is limited by Johnson noise. 
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10. the ZINC POINT AS A THERMOMETRIC 

FIXED POINT 


H. Preston-Thomas 

National Research Council , Ottawa , Canada 

Introduction 


The International Temperature Scale is based on a number of fixed 
points (oxygen point, steam point, gold point, etc.). These points are 
selected for their appropriate position in the temperature scale, for the 
accuracy with which they reproduce that temperature, and for simplicity 
of the necessary experimental technique. In the light of these criteria, the 
sulfur boiling point (defined as 444.6°C in 1927, 1 subsequently as 444.600°C) 
suffers from certain disadvantages. It is reproducible only to the order of 
10- 3 °C, and, since it is pressure dependent to the extent of approximately 
10- 4 °C per micron Hg, the vapor pressure of the bath requires exceptionally 
careful regulation and measurement. An improvement in both these re¬ 
spects results from the use of a metal freezing temperature as an alternative 
fixed point. In this connection an investigation that has been conducted 
in this laboratory during the past two years 2 - 3 -« has shown that different 
samples of high purity zinc exhibit, over a wide range of conditions, freez- 

n l VV^Tn tU J eS ( 1 19 ' 5 ° C) having an average deviation of approximately 
* 10 ~ C * A one kllogram sample of zinc can easily be made to maintain 
a temperature constant within 5 X 10-^ o C for several hours, the tempera¬ 
ture being pressure dependent to the extent of 6 X 10“ 5 °C per cm Hg. 


Experimental Equipment 

One kilogram zinc samples are frozen in the furnace shown in Fig 1 

Jee TthrZlT'wtr a g T hite CrUCib ' e ’ graphUe powder 011 the sur- 

lace of the melt inhibiting oxidation. The crucible lid is pierced for the in- 

teelf isteld 06 " P T 6ter Wel ’ ° f glaSS ° r graphite and the crucible 
itself is held in a Pyrex tube. A glass thermometer well has to be with 

.neTh * 6 Zm m iS C °° led *° r °° m tcm P CTature to prevent its fractur- 
ing. A heavy copper block around the melt and Pyrex wool and vermiciilit» 

insulation around the block combine to produce a very umformtem^mt e 
throughout the melt. This uniformity can be demonstrate^decani 
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Fig. 1. Details of zinc furnace and zinc crucible. 


the melt after partial freezing; the remaining layer of solid zinc is uni¬ 
formly thick over the entire interior surface of the crucible. 

The temperature at the axis of the zinc melt is measured with a Meyers- 
type platinum resistance thermometer and a Leeds and Northrup 02 
Mueller bridge with an added 10" 5 ohm decade. 5 The zinc temperature 
measurement involves the ratio of the thermometer resistance at that 
temperature (R Zn ~ 05 ft) to its resistance at the temperature of the triple 
point of water (R TP ~ 25 ft). Since a change of 10 _4 °C at the zinc point cor¬ 
responds to a change of 10 jzft at the zinc point or one of 4 /ift at the water 
triple point, it is essential that the bridge has a high short term stability 
and is accurately calibrated in relative (though not absolute) ohms. In 
addition highly stable triple cells must be used. 

Platinum resistance thermometers are subject to certain changes during 
use. It has been found possible to increase the resistance of a Meyers 
thermometer by 15,000 //ft by work hardening the platinum coil, several 
thousand taps on a wooden bench providing the necessary mechanical 
shocks. Less than half of this resistance increase can be annealed out at the 
zinc temperature. Extreme care must be taken, therefore, in handling the 
thermometer in order to prevent accidental work hardening during the 
course of an investigation. In addition to such fortuitous increases in re¬ 
sistance there is a continuous increase of resistance with time, after the 
initial annealing period is over, at high temperatures. Figure 2 shows this 
effect for a thermometer that was maintained at approximately 420°C for 
eight days, a series of resistance measurements being made at the zinc point 
each day. The total increase of resistance amounted to 180 nQ. The ratio 
of R z n to /? TP , however, is altered very little if at all by this increase. 
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Fkj. 2. Increase of resistance of a 
ing heating. 


Meyers platinum resistance thermometer dur- 



Fig. 3. Melting curves of C. P. and S. P. zinc and freezing curve of S. P. zinc 
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rt can be deduced from the foregoing that in determining the temperature 
stability of the zinc point, uncertainties of the order of 10" 4 °C will be in¬ 
troduced by the associated equipment even under the most favorable ex¬ 
perimental conditions. Conversely, since the thermometer, the bridge (or 
potentiometer, if this alternative is used), and the triple cells each introduce 
approximately this order of limitation in accuracy, for some time to come 
there can exist no advantage in having a primary fixed point, in this tem¬ 
perature region, inherently capable of greater precision than this. 

Experimental Results 

New Jersey C.P. (99.999 per cent) and S.P. (redistilled C.P.) zinc is used 
in these experiments. Figure 3 shows typical melting curves of the two 
types of zinc, together with a freezing curve of S.P. zinc. It can be seen 
that the redistillation has reduced the melting range from about 10~ 2 °C to 
about 10 _3 °C. The freezing temperatures of samples of C.P. zinc may differ 
by amounts of the order of 10- 3 °C and are about \0~ 3 °C below that of S.P. 
zinc. No systematic difference in the freezing temperatures of different 
samples of S.P. zinc has been detected. 

The freezing temperature of a sample is identified with a plateau that 
appears, for a sufficiently slow rate of cooling, on the time-temperature 
curve. Figure 4 shows a curve for a very slow freeze (0.04°C per minute 
before arrest) and a melting curve determined the next day after holding 


12 3 4 5 



TIME, HOURS 

Fig. 4. Very slow freeze of C. P. zinc followed by a slow melt showing a memory 
of the cored freeze. 
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the sample a few degrees below freezing temperature for fourteen hours. 
The freezing curve shows a plateau resulting from nonequilibrium segrega¬ 
tion of the dissolved solute, i.e. a rejection of the solute atoms by the 
freezing interface, resulting in a cored solid. The melting curve reveals a 
memory of the highly cored freeze, the alloy slope appearing in the initial 
part of the curve, while the remaining relatively pure solid exhibits a plateau 
feature when melting. 

During freezing the plateau feature exists when the freezing interface is 
advancing at a rate low enough for effective segregation to take place. 
This condition can be achieved even at high rates of cooling by removing 
the thermometer from the axial thermometer well, allowing it to cool, and 
replacing it. This freezes a mantle of zinc onto the well, which is thermally 
protected by the freezing interface advancing from the outside layer of the 
melt. This rapidly advancing, relatively nonsegregating outer interface will 
be at the appropriate alloy freezing temperature, of the order of 10- 3 °C 
below that of the inner interface. The inner interface will therefore advance 
at the rate that compensates for the heat loss due to the temperature 
difference of 10~ 3 across the melt, i.e. extremely slowly, so that effective 
segregation takes place. Figure 5 compares the curve obtained by this 
induced freeze technique with a normal freezing curve, the rates of cooling 
of the sample being the same in both cases. In the case of the normal 
freeze the supercooling prevents the true freezing temperature from being 
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obtained at all, although the induced freeze provides a freezing temperature 
that is constant within 5 X 10~ 5 °C for approximately 45 minutes. 

Measurements of a series of induced freezes of three samples (Si, S2, and 
S3) of S.P. zinc and the corresponding triple cell measurements taken over 





CONSECUTIVE Zn FREEZES 

Fig. 6. Zinc freezing point and water triple point resistances of three samples,of 
S. P. zinc during a thirty-day period. 
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Fig. 7. Ratios of the zinc freezing point and water triple point resistances shown 
in Fig. 6. 
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a period of a month are shown in Fig. 0. This figure shows the effect of the 
rise of resistance of the thermometer with time and of other fluctuations 
in the constants of the measuring equipment. That there is a correlation 
between the fluctuations of the two curves is shown in Fig. 7, in which the 
ratios of R Xn to R TP show an average deviation less than that which would 
be obtained if no correlation existed. This fact emphasizes the importance 
of short-term stability in the measuring equipment. 

The three samples, from different distillation batches, of zinc used had 
been at the melting temperature of zinc for 79, 52, and 13 days respectively. 
Since there is no systematic difference in the results from the various sam¬ 
ples it appears that prolonged heating in air does not affect the zinc freez¬ 
ing point. It is, however, possible to make zinc triple cells, permanently 
sealed under vacuum, provided that the axial thermometer well is sur¬ 
rounded by a thin graphite sheath to prevent its fracturing during the 
cooling of the zinc. 


The zinc freezing point can be determined on the International Tempera¬ 
ture Scale only in terms of thermometers calibrated at the sulfur, steam, 
and water triple points. The results of measurements on seven Meyers 
thermometers calibrated at the National Bureau of Standards in Washing¬ 
ton and one Barber thermometer constructed by Tinsley (England) and 
calibrated at the National Physical Laboratory are summarized in Table 1. 

Prior to the zinc point measurements, all thermometers were annealed 
at approximately 440°C until the zero current triple cell resistance, R TP , 
began to rise slowly with time. Among the Meyers thermometers the great¬ 
est measured initial decrease of R TP with heat treatment was 132 /mhms; 
the corresponding decrease for the Tinsley thermometer was 961 Mohms! 

Hie plateau resistances on two induced freezes were determined for 
each thermometer on one of our zinc samples (S3). The triple point re¬ 
sistances were determined before and after each zinc freeze. The same water 
triple cell was used throughout the investigation and no measurements 
" ? ! ? tf-ken until 24 h °urs after a new mantle was prepared in order to 
minimize the new mantle warmup effect. Bridge ratio and bridge zero were 
continually monitored and all results were corrected to unity ratio and true 
zero I he resistances of the thermometers at the zinc point were normalized 
to standard pressure. The thermometers were immersed to the same depth 
n e zmc but a hydrostatic pressure correction was not computed because 
ot the uncertainty in such a correction. In this regard work with a Meyers 
thermometer has not detected measurable differences in temperature over 
axial inches of the 8-mch melts. However, the standard hydrostatic 

rec ion was applied to the triple cell resistance values. Bridge correc¬ 
tions completed the data processing. 8 

The temperature calculations for the Meyers thermometers were com- 



176 


STANDARDS AND SCALES 


Table 1. Calculated Freezing Temperatures of Zn S3 Measured in May and 

June 1954 


Thermometer 

A 

B X 10- 

RZn* 

Ro• 

Calculated 
Temp. (°C) 

Mean 

Temp. (°C) 

S175 

0.00398326 
Sept. 11/52 

— 5.8564 

65.435097 

65.435101 

25.481592 

25.481599 

419.5058 

419.5056 

419.506 

SI 78 

0.00398283 
Sept. 11/52 

-5.855S 

65.400071 

65.400101 

25.469648 

25.469649 

419.5056 

419.5059 

419.506 

S156 

0.00398372 
Oct. 26/51 

— 5.8559 

65.44084S 

65.440838 

25.481695 

25.481714 

419.5094 

419.5087 

419.509 

S163 

0.00398296 
Dec. 16/53 

— 5.8548 

65.423376 

65.423337 

25.478061 

25.478065 

419.5034 

419.5028 

419.503 

SI 65 

0.0039S295 
Dec. 16/53 

-5.S564 

65.427976 
65.427992 

25.480143 

25.480145 

419.5049 

419.5050 

419.505 

S215 

0.00398492 
Mar. 16/54 

— 5.8558 

65.458921 

65.458948 

25.484068 

25.484077 

419.4993 

419.4994 

419.499 

S214 

0.00398491 
Mar. 16/54 

-5.8562 

65.458742 
65.458703 

25.483997 

25.483998 

419.5027 

419.5023 

419.502 

El 

0.00397985 
Feb. 5/54 

—5.868 

64.107902 

64.107841 

24.980561 

24.980562 

419.5083 

419.5076 

419.508 


• In “bridge units” after all corrections have been applied. 


puted from the NBS constants for a 2 ma measuring current. The tem¬ 
perature calculations for the Tinsley thermometer were computed using 1 
ma resistance values, thought to be appropriate to the NPL certificate 
constants. The dates on the calibration certificates are included in the col¬ 
umn of the A constants. The Tinsley thermometer is designated El. It can 
be seen that the thermometers give zinc freezing temperatures with a 
spread of about 0.01 °C. 

It is possible that differences in the fixed points of the original calibra¬ 
tions and failure of the quadratic resistance versus temperature relation 
contribute to these discrepancies. 

It is desirable that similar measurements should be made on zinc taken 
from other sources. Calculation of the zero point energy suggests that a 
change of 1 per cent in the proportion of each of the two major isotopes 
would result in change in the freezing temperature of the order ol 2 X 

io- 3 °c. 
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11 . LOW TEMPERATURE SCALES FROM 

90“ to 5°K 


R. B. Scott 

Boulder Laboratories, National Bureau of Standards 

Introduction 

This discussion will be limited to a brief survey of the most significant 
work in the establishment of low temperature scales based on primary 
calibrations with a gas thermometer but realizable by means of more con¬ 
venient thermometric instruments. The secondary instruments that have 
been most practical and reproducible for measurements of low tempera¬ 
tures are the thermocouple, the resistance thermometer, the magnetic 
thermometer and the vapor-pressure thermometer. The vapor-pressure 
thermometer is not a suitable instrument for general use because of its 
limited temperature range but it is very valuable for secondary calibra¬ 
tions since it may yield temperatures throughout its range which are, in 
effect, a continuous series of secondary fixed points. The magnetic ther¬ 
mometer is most useful at very low temperatures and is the subject of 
subsequent papers of this symposium. The thermocouple has been ex¬ 
tensively used and possesses many desirable characteristics: viz., simplicity, 
low cost, wide range, ease of installation, and negligible heat production! 
The resistance thermometer, although unable to compete with the thermo¬ 
couple in simplicity, low cost, or absence of heating, does possess a very 
considerable advantage in its sensitivity, or its ability to detect small 
temperature changes. The strain-free platinum resistance thermometer, 
moreover, has one great virtue in its demonstrated reproducibility. How¬ 
ever, the platinum resistance thermometer is of little value below 10° or 
12 IC, because its sensitivity falls off rapidly as we approach that tempera¬ 
ture. Resistance thermometers of semiconducting materials have an in¬ 
trinsically high sensitivity which increases with decreasing temperature, 

but thus far they do not have the reputation for reliability which is enjoyed 
by platinum resistance thermometers. 


Low Temperature Scales 

fi J h ?, T Cm r ratUrC Sca ’ C , ° f the University of California. One of the 
first systematic projects undertaken for the purpose of establishing a con- 
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venient working scale in this region was that of Giauque, Buffington, 
and Schulze 1 who calibrated six carefully constructed copper/constantan 
thermocouples with a hydrogen gas thermometer between 1.5° and 283°IC. 
Their estimated accuracy was 0.05 degree. This scale was used by Giauque 
and his co-workers for many years as the temperature basis for their well- 


. research. Some other laboratories also have used 

temperature scales based on these thermocouples. 

The Low Temperature Scale of the National Bureau of Standards. 
After the excellent stability of the platinum resistance thermometer had 
been demonstrated, there were a number of researches in which such ther¬ 
mometers were calibrated by means of a gas thermometer. The most com¬ 
plete project of this kind thus far reported is that of Hoge and Brickwedde 2 
who calibrated six platinum resistance thermometers and one alloy ther¬ 
mometer. The resulting temperature scale has been the basis of NBS 
calibrations in the interval 12° to 90°K since 1939. Two technical advances 
that contributed greatly to the success of this project were the development 
by C. H. Meyers 3 of a compact 25-ohm strain-free platinum resistance 
coil and the success of Southard and Brickwedde 4 in sealing these coils 
into small metal capsules, about 5 mm in diameter and 40 mm long. 

In the experiments of Hoge and Brickwedde three of these capsule-type 
thermometers were mounted in intimate thermal contact with the copper 
bulb of their gas thermometer and direct comparisons were made. Sub¬ 
sequently four more resistance thermometers were compared with one of 
the first three. This set of seven thermometers then became the working 
standard of the NBS for thermometer calibrations below the oxygen point. 
This was the first time that a national laboratory had facilities for regular 
thermometer calibrations at temperatures below the oxygen point. The 
agreement with the thermodynamic scale was estimated as ±0.02 degree. 
The value of this achievement and the great usefulness of the scale, how¬ 
ever, emphasized its principal weakness: the maintenance of the scale was 
completely dependent upon the stability of the thermometers. Periodic 
intercomparisons of the thermometers has given considerable assurance of 
their stability, but it is recognized that it would be much more satisfactory 
to determine the temperatures of a number of fixed points within the range 
of this scale and then depend on the platinum thermometers only as inter¬ 
polation instruments, as is done in the region above 90°K. 

The need for tying the temperature scale to temperatures derived from 
reproducible intensive properties of pure substances promoted work on the 
measurement of vapor pressures and fixed points. Woolley, Scott, and 
Brickwedde 6 measured the vapor pressures and triple points of the hy¬ 
drogens and Hoge 6 determined the vapor pressure, triple point, and solid- 
solid transition temperature of oxygen. 
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The Temperature Scale of The Pennsylvania State University. 
Up to this point the material presented has been in the nature of a review 
of the major published contributions to low temperature thermometry. I 
now have the privilege of reporting some new results obtained at the Penn¬ 
sylvania State University by Moessen, Aston, and Ascah. 7 Professor Aston 
has very generously granted permission for me to use material from an 
unpublished report giving some of the first results computed from their 
very comprehensive gas thermometiy project. Included in this report is a 
comparison of their new scale with the NBS temperature scale of 1939 in 
the interval 10.5° to 50°K. This comparison was made possible by the in¬ 
clusion, in the Pennsylvania State University project, of a standard plati¬ 
num resistance thermometer calibrated on the NBS scale. The agreement 
is excellent, well within the accuracy of 0.02 degree claimed by Hoge and 
Brickwedde. The Pennsylvania State University temperature scale is es¬ 
timated to agree with the thermodynamic scale within ±0.005 degree. It 
should be noted, however, that the comparison of this scale with the NBS 
scale is valid only on the basis of identical values for the oxygen point 
temperature. Aston and Moessen* made an absolute determination of the 
oxygen point using the value 273.1G°K for the ice point and arrived at a 
value for the oxygen boiling point of 90.154° ± 0.01°K, 0.046 degree lower 
than die value 90.19°K selected by Hoge and Brickwedde. This value, 
90.19°K, resulted from the International Temperature Scale value of the 
oxygen point, -182.97°C, and the value 273.16°Iv for the ice point. A 
comparison of temperature scales is shown in Fig. 1. This graph is identical 
with that published by Hoge 6 except that the results of Moessen, Aston, 
and Ascah have been added. The comparison with the scales of the Uni- 



T, °K 


Fig. 1. A comparison of temperature scales. 

Calif. University of California 
NBS—National Bureau of Standards 
PSU—Pennsylvania State University 
PTR—Physikalische Technische Reichsanstalt 
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versity of California and of the Physicalische Technische Reichsanstalt 
were possible because fixed points measured on these scales have been re¬ 
ported in the literature. The PTR did not maintain a temperature scale 
by means of secondary interpolation thermometers as was done by the 
other laboratories. 

It should be noted that the Pennsylvania State University 9 in 1935 
established a scale similar to that of the University of California, by cali¬ 
brating copper/constantan thermocouples with a gas thermometer. This 
has been the basis of their past measurements. However, their new scale 
has an accuracy that is an improvement by an order of magnitude over the 
old. 


A Temperature Scale for the Region 5° to 14°K 


The situation in the temperature range 5° to 14°K is less satisfactory 
than that at higher temperatures. The platinum resistance thermometer 
has greatly decreased sensitivity and thus far an alternative secondary 
standard instrument has not been developed. An appropriate definition of 
an adequate secondary standard is a thermometer which can be calibrated 
at a standardizing laboratory at a few points in the desired range and then 
can be trusted to retain its calibration and serve as a working thermometer 
throughout the range with an accuracy comparable with that of the cali¬ 
bration points. For the range 5° to 14°K, I would require at present an 
accuracy of ±0.001 or 0.002 degree. 

There is, however, a ray of hope. Resistance thermometers made of semi¬ 
conducting materials have been shown to have abundant sensitivity; it 
only remains to develop methods of insuring adequate reproducibility. 
Figure 2 illustrates the behavior of such a thermometer, a germanium 
p-type semiconductor. It will be noted that the resistance is of easily 


1 dR 


measurable magnitude and, moreover, the sensitivity, — -p even increases 


IdR 

as the temperature is lowered. The figure also includes a graph of ~ -pj, for 

a platinum thermometer in the range 10° to 20°K which shows the distinct 
advantage of the semiconductor at the low temperatures. I he semicon¬ 
ducting thermometer will be discussed more fully by Dr. Friedberg; it is 
mentioned here only because it appears to be our best hope for an instru¬ 
ment to extend the scale below 14°K. It is hoped that a simple interpolation 


formula will be found to represent accurately the resistance-temperatuie 


relationship of a semiconductor. 

Another thermometer usable in this range is the magnetic thermometei. 
This is treated in other papers of this symposium. Although the magnetic 
thermometer does not appear to lend itself to such universal application 
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Fig. 2. The variation of the resistance of a p-type germanium semiconductor 
with temperature. 



as does the resistance thermometer, it has a distinct advantage of being in 
the class of absolute instruments; that is, it can be used to determine 
ratios of absolute temperatures when appropriate corrections are applied. 

Interpolation Methods 

It was mentioned earlier in this discussion that a practical temperature 
scale should be based on fixed points and that the secondary thermometer 
should be used as an interpolation instrument. This rule has been applied 
with remarkable success to the platinum resistance thermometer in the 
temperature range above 90°K. However, below this temperature the 
application of the principle is complicated by the fact that no simple re¬ 
lationship between the temperature and the resistance of platinum has 
been established. This does not exclude the application of the principle 
however, because there is a practical method. This method was first sug¬ 
gested by Cragoe, extended by Hoge,‘° and recently has been treated more 
extensively by Van Dijk." It consists, in principle, of adjusting a standard 

temperature-resistance table by using calibrations of the new thermometer 
at faxed pomt temperatures. 

Conclusion 


The conclusion to be drawn from this discussion is inescapable With all 
due credit to the very important work already done, there is great need fo 

d r el0Pment in IOW ature ^rmomltry. 

Here is a real opportunity for a competent young experimentalist to render 
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a most urgently needed service and earn the gratitude of the scientific 
community. New instruments, new techniques, and new understanding of 
the basic nature of matter are now available for him to use. 
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12 . THE HELIUM VAPOR-PRESSURE SCALE 

OF TEMPERATURE 


R. P. Hudson 
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1. Introduction 


Between the lower limit of measurable pressure and the critical point, 
the saturation vapor pressure of a liquid constitutes a usefully sensitive 
thermometer. In low temperature physics where the basic cooling is almost 
always produced by a bath of liquid helium, it is very convenient to use the 
helium vapor pressure as a thermometric indicator. The useful range is 
from about 0.1 mm Hg (0.98°K) to 1718 mm (5.206°K). 

Since the original measurements of Kamerlingh-Onnes 1 in 1911, from 3 
mm to the critical point, the vapor pressure vs. temperature (p-T) relation 
has been investigated several times and the temperature scale adjusted 
just as often. In 1948 an informal 41 ‘international agreement” was reached 2 
and tables published for an “agreed scale” in order to standardize experi¬ 
mental data. At that time there was good reason to believe that this “1948 
scale” was not completely satisfactory but the step was taken, faute de 
mieux, m order to formalize the current practice. Data have become avail¬ 
able recently 3 -® which confirm the above-mentioned suspicions and a further 
revision of the accepted scale will doubtless be made in the near future. 

2. Experimental Methods 


The classic experiments, all performed at Leiden, comprise a determina- 

nnn-H ° f T “ indicated by a gas thermometer. To minimise 

deality corrections the thermometer pressure must be low and of 

course, lower than the corresponding vapor pressure. Corrections for’ab¬ 
sorption and the thermomolecular pressure must be applied. In the meas- 
rement of p it is necessary to correct for hydrostatic head in the He I 
region and refluxing of the mobile helium film in the He II region 

St txsszzzxz ±, ffiaaa 

"“**» " ■“> ■- obtained „ , InSSS ” ” "'dT*" “ * 
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One has 

x = c/7’ (2.1) 

or 

T = c/ x = a[d - b ]-‘ (2.2) 

where 6 is the actual observable (e.g. a galvanometer deflection.) Then 
T(6 — I>) plotted against (6 — b) should be a horizontal straight line; the 
departures from this will indicate inaccuracies in the value of T deduced 
from the measured p. (If the line is straight but sloping, the slope is a meas¬ 
ure of the Weiss constant, A; some salts obey a law of the form x = c/(T - 
A).) In such a thermometer the sensitivity increases with decreasing tem¬ 
perature. It relies, however, on prior knowledge of one point on the p-T 
curve for fixing the calibration line. (Two points are required in the case 
of A 7^ 0.) 

3. Theoretical 

Along the vapor pressure curve the liquid and vapor are in equilibrium, 
with consequent equality of the Gibbs free energies; i.e. 

A G — Gy — G i = 0 

Xow 


2* / v 

Gi = Uo - J Q St (IT + l Vi dT 

-V.+ l’c.dT-Tj'^T+j'vM) 


dT 


and 


G„ = L\ + L 0 - V 2 RT In T + RT In p - RTi 


where i is the chemical constant given by 

i = ln[(2irm) 3/2 /c 6/2 //i 3 ] 

= % In M + 10.17 

when c.g.s. units are employed. Equating G a and Gi , we find 


In p = - U/RT + h In T - [ 

Z J n 


r dT f T 


RT 2 


f CtdT 

J 0 


+r (%) 


dT + i 


(3.1) 


(3.2) 


(3.3) 


n practice, extra terms must be added to G 0 to take into account depai- 
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turns from ideal gas behavior. Then to the right-hand side one would add 3 



for an equation of state given by 


pV/RT = 1 + B/V + C/V' 1 (3.4) 

Were L 0 known (from an accurate knowledge of interatomic forces), the 
p-T curve could be obtained at once from Eq. (3.3) using experimental f, 
values for the liquid. The procedure of Erickson and Roberts 3 was to check 
the validity of their p-T relation by calculating a value for Lo at many 
p-T points and showing that the variations were very small. 

4. The Vapor-Pressure Scale of Temperature 

Measurements Prior to 1945. Many early important low temperature 
researches made use of the 1932 scale (ICeesom 8 ) based on the 1929 meas¬ 
urements of Keesom, Weber, Xorgaard, and Schmidt 9 and the liquid spe¬ 
cific heat data of Keesom and Clusius 10 : below the A-point 

3 018 

logio Pcm - - -jr- + 2.484 log 10 T - 2.97 X 10"V + 1.197 

In 1937 Schmidt and Keesom 11 published new measurements, made on an 

apparatus incorporating various improvements, which showed marked 

deviations from the 1932 scale. These are illustrated by Fig. 1. 

Simon and co-workers doubted the validity of the new measurements 

below 1.6°K, a doubt which was reinforced by calibration of magnetic 

thermometers indicating the 1937 scale was some hundredths of a degree 

too low near 1°K. Bleaney and Simon 12 set out to calculate the latent heat 

by two methods: (a) via the entropy and (b) via the specific heats. If the 

scale were not thermodynamically consistent two different L-T curves 
would be derived. 

(a) Using 


L — T(S a — Si) (4.1) 

These authors obtained for the entropy of the vapor 

5. = -R In p. t » + 2.5 R In T - pdB/dT + 1.832 eal/mole deg. 

= 4.574 logic Pc„ + 11.435 log,„ T - 0.121 p cm /7” + i 0 .435 ( 4 . 2 ) 

and^S, was tjta from experimental data. Here pV/RT = 1 + B/V and 
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Fig. 1. Deviations from the 1932 scale (after Bleaney and Simon, reference 12). 
The points represent the experimental data of Schmidt and Keesom," the different 
symbols pertaining to four separate runs. The curve through these points—part 
broken, part full—is the 1937 scale. The dotted curve is that obtained by Bleaney 
and Simon (1939 scale) and coincides with the 1937 scale above 1.6°K. The vertical 
line indicates the X-point, 2.186°K. 



dL 

dT 


= C 0 - Cl + ^ = (Cp) 0 -Ct + L 







RT/v + B-Vi 



Now for ( Cp) 0 we have 



which led to 


(C„), = | R + 0.242 ^ cal/mole deg. 


Below 1.6°K the third (correction) term on the right-hand side of Eq. (4.4) 
is comparatively small; by integrating this equation one obtains an L vs. T 
curve which is known except for an additive constant. 

Formula (4.4) will be in error only (largely) insofar as C/ is incorrect (i.e. 
assuming the virial correction is reasonably accurate) but (4.1) contains both 
S 0 and Si which are here dependent upon the p-T relation. 

The results are shown in Fig. 2. The full line, curve 2, can be placed 
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. Latent h eat of evaporation of liquid helium as a function of temperature 

(after Bleaney and Simon, reference 12). Curve 1 (broken) is calculated from the 

entropies, Eq..(4.1), and Curve 2 (full) from dL/dT expressed in terms of the specific 
heats, Eq. (4.3). ^ 


anywhere vertically (constant of integration) and Bleaney and Simon chose 
to make it touch curve 1 at 1.6°K. Now using S, = Si + L/T and L values 
rom curve 2, a new (approximate) p-T relation was obtained for T < 1 6°IC 
the 1937 scale being retained for T > 1.6°K. With this, the original C, and 

ft! W ™L recalcu ' at « d and th «n curves 1 and 2. In Fig. 3 it may be seen that 
t e difference had then completely disappeared even above 1 6°K and 

further approximations were unnecessary. (The crosses represent the 

measurements of Dana and Kamerlingh-Onnes.») The derived relation was 
presented in the form 


l0gl ° V 4.574 T ^ R logl ° T ~~ + i -{- A 


(4.5) 


4 574 Jo T 2 vw- ana 

lQg “ Vm = ~*-^T + 2 ’ 5 lQ g“> T - 2.27.10~ 3 2' a + 1.196 + A (4.6) 
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I'iG. 3. Calculated latent heat curve, developed from curves in Fig. 2 (see text)* 
used to derive the 1939 scale (after Bleanev and Simon, reference 12). The crosses 
represent the experimental data of Dana and Kamerlingh-Onnes . 13 

A contributes o% to p at the A-point. Below 1.4°K the combined effect of 
the T 3 term and A on the vapor pressure is less than 1 %, hence 

Oil" 

logio Pcin - Jp — + 2.5 logio T -f- 1.19G 

The above 1939 scale was checked in 1941 by Bleaney and Hull, 7 using a 
magnetic thermometer, who found T m — T m 9 — +0.003°. This was 
thought to be within the experimental error, and could be explained in 
terms of small deviations from Curie’s law. 

In 1948 the 1937 scale above 1.6°K was combined with the 1939 scale 
below 1.6°K, 2 although evidence was then at hand 14 ' 16 to cause doubts of 
the validity of the values between 1.6° and 2.2°K. This point is taken up in 
the following. 

The Measurements of Kistemaker. In 1946 Kistemaker and Keesom 11 
measured isotherms of helium gas between 2.7° and 1.7°K to obtain accurate 
data on the virial coefficients, thus extending the earlier measurements of 
Keesom and Walstra 17 which had terminated at 2.6°K. An inspection of 
these results showed that the accepted temperature scale (“1937 scale”) 
might be in error in this region. The product pv extrapolated to zero den¬ 
sity provides a measure of the absolute temperature, and the values of T 
thus obtained were always lower than those derived from the vapor pres¬ 
sure, as measured at the top of the cryostat. 

Subsetjuent experiments by Kistemaker 15 between 1.3°K and the lambda- 
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Fig. 4. The results of Kistemaker 14 - 1 * compared with the 1937 and 1939 scales 
and expressed as deviations from the 1932 scale (after Kistemaker, reference 15). 

° measurements of the vapor-pressure; X from extrapolation of isotherms, 
lhe full line is Kistemaker’s proposed scale. The broken line (Bl. S) is the 1939 scale 
of Bleaney and Simon and the chain line (Sch.) is the 1937 scale of Schmidt and 
Keesom. A Points obtained by Casimir, de Klerk, and Polder using a magnetic ther- 


point were in good agreement with the above. The results are shown in 
V s ’Whereas the experimental points are in reasonable agreement with 
the Bleaney and Simon formula for the temperatures below 1.6°K (“1939 
scale”), considerable deviations from the 1937 scale are evidenced with a 
maximum of 0.013° at the lambda-point. 

As mentioned previously, the latent heat of vaporization at 0°K L„ 
may be calculated once the p-T relation is established and should be in- 
vanant with T. Kistemaker showed'' that his suggested vapor pressure 
rmula was reasonably satisfactory in this respect whereas the 1937 scale 

X?r i f 3?K Th e ’, tha k r defi ” in the ^ probably^x- 
• , P t0 3 5 K - The lack of experimental data above the lambda 

Hr"'- P r ■ *° 
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monium sulfate by accurate calibration of a magnetic thermometer in the 
^ ~^ ^ lange, Erickson and Roberts 3 observed marked irregularities which 
they were able to show could be ascribed to inadequacies in the 1948 scale. 
Ihese were in essential agreement with the observations of Kistemaker, in 
the range of overlap of the two determinations. 

Their calibration formula had the form M—B = A(T -f A)- 1 where M is 
a measured (temperature-dependent) mutual inductance and B is the 
icsidual unbalance ot the measuring coils in the absence of the salt speci¬ 
men. A value of B was obtained for each cooling, measuring M at liquid 
nitrogen temperatures. If the salt obeyed the Curie-Weiss law and if T* 
were correct, then 7’ 48 (il/— B) should have been a linear function of M—B 
with slope A and intercept A. That this was not the case is shown in Fig. 5. 
Similar results were obtained with a ferric ammonium alum “thermometer” 

(Fig. 6). 



Fig. G. Relative susceptibility of ferric ammonium alum (after Erickson and 
Roberts, reference 3.) The indicated value of A is 32 millidegrees. 
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Fig. 7. The deviation of magnetic temperature data 3 from the 1948 scale (after 

Erickson and Roberts.) Kistemaker’s proposed correction is shown by the broken 
curve. 

Because of the parameters A and A, it is not possible to establish a 
temperature scale uniquely with these data; accurate measurements in the 
liquid hydrogen region (where the sensitivity is low) would be needed. An 
accurate interpolation based on two points is possible, however, and Erick¬ 
son and Roberts chose 4.2°K and 1.3°K. In Fig. 7 the T m points were 
plotted as deviations from T<« ; note the second deviation peak in the re¬ 
gion of 3.5 K which indicates that the 1937 corrections to the 1932 scale 
were too large here. 

These authors made use of Eq. (3.3), using smoothed T m — p data to 
calculate L 0 values. These were satisfactorily consistent and the resultant 
choice was 59.50 joules/mole—somewhat lower than the value of Bleanev 
and Simon or of Kistemaker, the difference being primarily due to the 
smaller chemical constant now employed. This was calculated from the 
latest values of the fundamental constants available 

ziifw ,p °” »>■ <sj » 
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where the 4 , terms are the virial corrections to the ideal gas entroDv This 

—— *—*■ S'SEiTS 




194 


STANDARDS AND SCALES 



Fig. 8. Deviations from the 1948 scale (after Erickson and Roberts, reference 3). 
The points were obtained by averaging the data shown in Fig. 7. The full line repre¬ 
sents Erickson and Robert s derived p-7’ formula. The broken line summarizes data 

of Kistemaker and a derivation therefrom (above the X-point) by Abraham, Osborne, 
and Weinstock. 



Fig. 9. Latent heat of vaporization of liquid helium (after Erickson and Roberts, 
reference 3). Full curve: Erickson and Roberts 3 ; broken curve: Kistemaker 16 ; 
points: measurements of Dana and Kamerlingh-Onnes. 13 

The authors comment on the departures between 2.2° and 3.2°K. The 
largest potential source of error is in the scatter of the specific heat measure¬ 
ments above the X-point, but one cannot modify S in such a way as to im¬ 
prove the agreement between the calculated and measured curves for both 
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p-T and L and yet be consistent with the measured specific heat. The 
departures barely exceed the experimental error, however. 

The authors point out that the disagreement at the lowest temperatures 
between their observed temperatures and their calculated curve (Fig. 8) 
results from their adoption of the 1.3°K point on the 1948 scale. This point 
would thus seem to be in error by —1.5 millidegrees, and on taking this into 
account even better agreement (in general) between the T m points and the 
calculated curve may be obtained. 

If the error in the liquid and gas correction terms is taken to be 1 % then 
the resulting uncertainty in the calculated T amounts to 0.011° at 4.2°K 
and 0.005° at 3°K. The T m data have, therefore, rather greater significance 
than the calculated scale in this region—for, if the magnetic thermometer is 
calibrated using the calculated scale below the A-point, then T m at the 
boiling point lies within 0.005° of its accepted value. Since they consider 
this to be less precise than the experimental determination of Schmidt and 
Keesom, 18 the experimental value is preferred as a reference and the calcu¬ 
lated scale is then of the nature of an interpolation (relative temperature 
accurate to 3 millidegrees) between 2.170°K (lambda-point) and 4.216°K. 

(Ihe Kistemaker-calculated L suggests large errors in the measured 
values around 4 Iv whereas the Erickson-Roberts curve show's good agree¬ 
ment. The difference in the two calculations is in the manner of evaluating 
the virial corrections in Eq. (4.7). Erickson and Roberts calculated <j>{V) 
and d<f>/dT in a manner exact through the third coefficient, whereas the 
usual procedure is to expand the virial correction as a pow'er-series of p 
and use only the first few' terms.) 


(n) One of the uncertainties in the above procedure lies in the use of a 
salt which obeys a Curie-Weiss law' rather than the simpler Curie law' 
(with A — 0). Following the procedure of Erickson and Roberts, it w'ould 
be sufficient to adopt only one point as “standard” and draw' the thermome¬ 
ter calibration line horizontally through this (cf/Figs. 5 and 6). With this 
in mind, Hudson and de Klerk selected chromic methylammonium alum 
for a thermometric material. Preliminary measurements 4 appear to confirm 
the findings of Erickson and Roberts qualitatively but the indicated devia- 
ion peak in the region of 3.5°K is somewhat larger. The apparatus is cur¬ 
rently being modified to give a much greater sensitivity than that in the 
nrst apparatus and to improve the experimental technique. 

Serie V )f experiments - measurements were pursued above the 
from tL iST T ? t0 47 K - The faCt that 01 ^ smal > ^nations 

S 1 £££ ™ 0h - V “‘ * h ” “ «' >« in 


The Region from the Boiling Point to the Critical Point The 1048 
SCalC ab ° Ve 4 ' 216 ° K is ^ed upon five experiments! points of Ka Jerfingl 
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Onnes and Weber, 19 all above 4.9°K, and of course the necessity for a smooth 
junction at 4.2°. 

Early this year Worley, Zemansky, and Boorse 6 suggested that the 
accepted curve could be in error by as much as 0.06° at 4.8°K. This con¬ 
clusion was based upon carbon resistor data, using an interpolation formula 
based on behavior between 1.8° and 4.2°K, and at the hydrogen triple 
point. 

Berman and Swenson 6 thereupon made measurements of the vapor pres¬ 
sure up to 5.1°K and determined the temperatures by means of a gas ther¬ 
mometer. These authors confirmed the deviations suggested by Worley etal 
as to sign but found them to be only one-third as great. The apparatus in¬ 
corporates an interesting feature and is illustrated in Fig. 10. The gas 
thermometer (to which is soldered a 1.5 cc copper vapor-pressure bulb) is 
supported above the liquid helium and cooled by allowing liquid to be 
forced through a copper coil soldered to its base. The rate of cooling is 
controlled by a needle valve and once a desired temperature is reached, 
stabilization is achieved by observing the voltage across a carbon resistor 
and adjusting the current through a heater attached to the inlet of the 
copper coil. During the 20-minute interval required for a gas thermometer 
measurement the drift in vapor pressure was such as corresponds to a 
temperature change of less than 0.001°. 

The data from three runs (at different filling pressures, to test the 
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Fig. 10. Apparatus for measurement of helium vapor-pressure above the normal 
boiling point (after Berman and Swenson, reference 6). The vacuum jacket and sur¬ 
rounding liquid nitrogen bath are not shown. 
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Fig. 11. Deviations of various experimental data and vapor-pressure formulae 
from the scale proposed by Berman and Swenson (after the latter, reference 6.) T BS 
is the temperature as given by Eq. 4.8. 

validity of nonideality and thermomolecular corrections) could be repre¬ 
sented bj' the formula 

logic Pem - 0.97864 - 2.77708/7 1 + 2.5 log 10 T (4.8) 

with a mean deviation of 2.5 millidegrees and a maximum error of 7 milli- 
degrees. The results, which are illustrated in Fig. 11, were independent of 
thermometer filling-pressure, although the nonideality correction at 4°K 
was 0.023° for the smallest gas density and 0.104° for the largest. 

The accepted value of 4.216°K for the normal boiling point is the result 
of three measurements by Schmidt and Keesom 1 ' based on the boiling point 
of normal hydrogen (20.381°Iv). Using this same hydrogen vapor pressure 
ata, Berman and Swenson confirmed the helium boiling point to 0.002°K. 
Wooney, Scott, and Brickwedde, 20 however, give a value for the hydrogen 
boiling point roughly 0.01°, higher than the above, and this would elevate 
the value obtained for the boiling point of helium by 0.002°K. Berman and 
Swenson pointed out that this basic uncertainty was of the order of their 
experimental accuracy and also that of Keesom and Schmidt, 

In con clusion, there seems to be no doubt that the 1948 scale is in error 
between 1.3 IC and the normal boiling point (with a maximum of some 10 

c,i S nZt Th lambda -P° i ' lt f > alld i" the interval up to the 

thom Lw H.-l r T PCa ' anCC ° f the confusill S practice of different au- 
mg different temperature scales points up the need for an earlv 

revision. It should be mentioned, however, that Van Di jk does not Ll Z 
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3.5°K deviation hump (private communication via D. de Klerk) and at¬ 
tributes it, when found, to a lack of thermal equilibrium. The prosecution 
of a number of independent investigations is highly desirable and there is 
need of a critical examination of the general technique of vapor pressure 
measurement. 
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13 . TECHNIQUES OF MAGNETIC 

THERMOMETRY 

H. VAN Dijk 

Kamerlingh Onnes Laboratory , Leiden 

The Magnetic Temperature—Concept and Some Applications 

Magnetic thermometry uses a quantity preferably related linearly to the 
magnetic susceptibility of suitable paramagnetic salts for the measurement 
of temperature. The susceptibility of a suitable salt has to obey the law of 
Curie-Weiss at least approximately in the region of calibration. So, if we 
call the measured susceptibility per cm 3 x', 



The Curie constant c = /(t/ 3), / being a filling factor equal to the ratio of 
the powder density and the crystal density d, and 

r = 4 m 2 * ~ s(s + 1) = 1.488 ~ s(s + 1) 

In this expression d/M is proportional to the number of magnetic ions per 
cm , and $(s + 1) is proportional to the square of the magnetic moment of 
the individual ions of the salt. 1 

)i 

For a sphere of an isotropic crystal magnetized in a homogeneous field, the 

demagnetization coefficient of the external shape of the salt, a,, is 4 tt/ 3 and 
^ 0 « 

The magnetic temperature T* can be related to the thermodynamic 
temperature in the following way: 

T *^ + Q i- y T- ® 

y is a quantum mechanical correction factor depending on temperature and 
is, at least m the calibration region, nearly equal to unity. This factor ac¬ 
counts for the deviation from Curie’s law originating from the action of the 
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inner electric fields. Q(t~ / 9) represents in first approximation a second 
quantum mechanical influence caused by the magnetic interaction of the 
paramagnetic ions. The correction Q(r/9)(y/T), is usually very small in the 
calibration region. For special cases y and Q have been calculated by Van 
Vleck, Hebb, and Purcell. 2 

To profit from Eq. (1) for obtaining temperatures, one usually measures 
a quantity which is connected by a linear relation to x'- If a sphere or a 
rotational ellipsoid of an isotropic paramagnetic salt is located in the 
homogeneous part of the magnetic field of a coil of a mutual inductance or 
of a self-inductance, the inductance of the coil is related by a linear re¬ 
lation to x • When some other shape of the paramagnetic substance is used 
or when the field is not homogeneous, Eq. (1) holds only approximately for 
the mean volume susceptibility of the substance, and the relation between 
inductance and 1/(T* — A) is also only approximately linear. Moreover, 
in that case, only a kind of effective value for A can be introduced and it 
must be determined experimentally, if it cannot be neglected or estimated. 

The measured quantity is usually one of the variables of the bridge that 
measures the inductance, related linearly to the inductance, and therefore 
also to x and \/(T* — A). 

Calling the actually measured quantity in, 

m = in 0 + ax or x = - 

a 

Since according to Eq. (1) T* = (c/x ) + A 

r* = —-— + a (3) 

m — mo 

This equation defines a magnetic temperature. The constants A and m 0 
have to be obtained from measurement of in at two temperatures where 
T* is identical to T or can be calculated from theory. For several salts with 



T° K 


Fig. 1. Deviation of T* from the 1939 scale, according to measurements of Bleaney 
and Hull. 
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Fig. 2. Corrections to the 1939 scale. Tm is the thermodynamic temperature de¬ 
duced from measurements of in. The curve shows the corrections proposed by Iviste* 
maker. The data give the results of magnetic temperature measurements. 


a small number of paramagnetic ions per cm 3 , T* and T are practically 
equal for T > 1°K, and the difference T* — T can be computed for much 
lower temperatures. Equation (3) defines a provisional magnetic scale. 
Equations (2) and (3) together enable one to obtain, from measurements of 
the quantity m , temperatures on a thermodynamic scale, that can be used 
to verify or improve other scales. Using the susceptibility of a paramag¬ 
netic salt as a thermometer, Bleaney and Hull 3 could verify the vapor 
pressure-temperature formula, which had been calculated by Bleaney and 

Simon for liquid helium below the X-point. Similar results were obtained 
in Leiden. 

From his gas thermometer and vapor pressure measurements Kiste- 
maker deduced that the temperature scale of Keesom and Schmidt 8 in the 
neighborhood of the X-point needs small corrections. The corrections he 
proposed could also be verified by means of magnetic temperature measure¬ 
ments. Preliminary results obtained in Leiden were shown at the low tem¬ 
perature conference at Cambridge (M.I.T.) in 1949, and are reproduced 
m ig. 2. Later on more accurate results were obtained in Leiden. These 

In™ Roberte» Wn ^ 3 ' Simiia1 ' reSU ' tS have been P ublishpd by Erickson 
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The method of measuring magnetic temperatures has been developed 
essentially to measure temperatures below 1°K after calibration at tem¬ 
peratures higher than 1°K. The method requires accurate measurements 
of inductances and adequate calibrations. 

Measurement of Inductances to Obtain Magnetic Temperatures 

Frequently the measurements are performed with an alternating current 
bridge in an arrangement of which Fig. 4 gives an example. For two reasons 
it is favorable to use an A.C. bridge whose balance is independent of fre¬ 
quency. (1) Since the form ot the applied voltage is never a pure sine an 
accurate balance can only be obtained when the balance is independent of 
frequency. (2) Fluctuations in the frequency do not affect the balance. The 
oscillator can be an R-C tuned generator. Such a generator can give a sine¬ 
shaped voltage, pure within a few tenths of a per cent and with sufficiently 
constant frequency. The form of the voltage can be improved considerably 
by means of a low pass filter. Generally, constancy of the frequency is de¬ 
sirable since the balance of a bridge is practically never entirely inde- 
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Fig. 4. Schematic diagram of measuring circuit. TR represents a shielded transformer. 

pendent of frequency. Constancy is especially required when a vibration 
galvanometer is used for detection. Use of a tuned detector or of a selective 
amplifier has the advantage of much larger sensitivity for the main signal 
than for disturbing signals. An amplifier acquires selectivity, e.g., by 
coupling the first and second amplifier stage by an L-C circuit. 

The A.C. bridge is separated from oscillator and amplifier by shielded 
transformers. In this way undesired coupling between these parts of the 
apparatus and the bridge can be reduced to a minimum and each of these 
elements can be given its proper grounding. The transformer between the 
A.C. bridge and the amplifier can be used at the same time for a first ampli¬ 
fication, and to bring the lowest measurable voltage at the output of the 
bridge above the noise voltage of the first tube of the amplifier. 

For accurate measurements an effective shielding is essential. We shielded 
oscillator, filter, transformers, and amplifier both electrically and mag¬ 
netically. The bridge and some of its elements were shielded electrically. 
The magnetic shielding was provided by heavy sheet iron boxes (wall 
thickness about 1 cm). 

Coils and Bridges for Measuring Self-Inductances 

When a coil surrounds a paramagnetic substance its self-inductance be¬ 
comes dependent on temperature. 10 The relation between self-inductance 
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and susceptibility ot the salt can be linear when a piece of salt of ellipsoidal 
or spherical shape is placed in the homogeneous part of the measuring field. 
T. o get reasonable values lor the self-inductance of the coil, it is necessary 
to use many (e.g. 10) layers of thin wire (diam. 0.05 or 0.07 mm). So many 
layers give the coil a considerable capacitance. To reduce this capacitance 
the coil can be wound in sections. In our latest experiments we used a coil 
with a diameter of 22 mm and length of GO mm. The coil consisted of four 
sections each with a length of 15 mm and proportioned in such a way that 
homogeneity for the field of the coil within 0.3 per cent was obtained over 
a length of 22 mm along the axis. The total number of windings was 4835 
and the resistance at room temperature 755 ohms. 

An Anderson A.C. bridge 11 can be a very suitable arrangement for 

measuring magnetic temperatures. Giauque and MacDougall 10 used it to 

measure the temperatures obtained with their first demagnetization ex¬ 
periments. 

For the bridge shown in Fig. 5, the balance equation will be: 

ZtiZrZ* - Z 2 Z 2 ) = Z z [ZiZa -f (Z 2 + Z 4 )Z S \ (4) 

Suppose 


Z\ — Ri -f joiL Z 4 ~ R 4 

Z 2 = R 2 Z s = r 5 




1 



caLHn,n, Cm ^ PUre r iSta ; ,L : eS ’ L and C a P ure ^lf-inductance and pure 
in that c^e: P components of the balance equation g^ves 


RiRt = RJ{ 3 
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a nd 


L = + (5) 

Keeping C, R 2 , Rz and R 4 constant a linear relation between L and R h 
holds. If L is related linearly to x', Rs will be related also linearly to x' and 
can take the place of m in Eq. (3). 

Usually the changes of x with temperature are small. To obtain, e.g. 
with chromium potassium sulfate at 4.2°K, an accuracy equivalent to one 
millidegree it is desirable to be able to measure L or R b with an accuracy 
of one part in a million. To get such an accuracy, thermostating is required. 
In Leiden the parts of the bridge that are most sensitive to changes in 
temperature are thermostated in a box that is placed in a thermostated 
room. The room being thermostated with an accuracy of 0.5°C, the tem¬ 
perature of the bridge elements within the box can be kept constant within 
0.02°C. It is necessary to use a very good mica condenser and to keep its 
temperature constant. Figure 6 gives an arrangement for keeping the tem¬ 
perature of the condenser constant in ice. The elements of the bridge are 
not perfect. Therefore sources of error have to be considered. Let: 


Zi = R{ + j*U 

Z 2 = R 2 + jcoh 


Z\ = R 4 + j<aU 
Zf, = I ?5 + jttils 


Zz = Rz + 



1 



In this case the following expression can be deduced from the general 
balance equation: 



_ [R,(y 4 + y 5 + Uk) + Riih + k)h + RaOi + h)h 

+ Rh(U + WU 



If i? 2 , Rz and 7 ? 4 are again kept constant, the first order corrections in the 
second member add only a constant amount independent of temperatuie. 
At low frequencies the second order corrections are usually so small that 
they can be neglected. Since the residuals of R$ enter only in the second 

order corrections they do not affect the results. 

Li is not exactly equal to L, the true self-inductance of the coil. To ob¬ 
tain the relation between L and Li we consider the substitute for Z i shown 
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in Fig. 7. Its complex resistance is very nearly equal to: 

= Ri 2<a~R lC l L + ju(L -f- co~C lL~ — Cl.R l — h) — Ri 4- ju)L i 

The real part Ri differs at low frequency only a small amount from 7?i . 
Moreover this difference has no effect on the equation for L\ . 

Li = L + JC l L- - C l Rl + h (7) 

The term c oCJS is only negligible when a> and C L are small enough. This 
correction makes special construction of the coil (e.g. winding in sections) 
desirable. The term —ClRl usually will be small and nearly constant at 
helium temperatures, but may be not entirely negligible at higher tempera¬ 
tures. h represents the residual self-inductance of the resistance Ri — R L . 
This resistance has to be added to R L to keep R x equal to (RzRs/Ri). Since 
the temperature of the leads to the coil in the cryostat is not constant, 
R\ — Rl has to be adjusted during the measurements. This must be per¬ 
formed without changing l x , so that a special arrangement is required. It is 
shown in Fig. 8. The resistance of two double decades with copper and 
manganin coils can be changed in such a way that their residual inductance 
remains constant. Changes smaller than 0.1 ohm are made with a shunted 
dial type resistance. In our network R- 2 = R 3 = R t = 100 ohms; R la = 80 
ohms; R lb = 10 X 1 ohm; R lc = 10 X 0.1 ohm; R ld = 2.5 ohms; R le = 
10(10 + 1 -f~ 0.1 -f- 0.01) ohms. 



c L 


Fiq. 7. Equivalent circuit for Z x . 
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Fig. 8. Detailed schematic diagram of circuit elements. 


I he influence of the contact resistances in the shunting dial on the effec¬ 
tive resistance of the shunt and that of the residual inductances of the 
shunting dial on li , can be kept low enough. Let the shunted low resistance 
be Ru = p( 1 + j\ ); the shunted much higher resistance R u = P(1 + jA); 
the effective resistance of the shunt in a standard position *So, and in an¬ 
other position S' } then the following relation holds very nearly: 



V\P ~ Po) 

(? + P)(p + Po) 


•(1 + 





It is not difficult to obtain or construct Ru and Ru in such a way that the 
imaginary part of S — So is negligible for the whole range of needed changes 

of S - S 0 . 

The capacitances of the mica capacitors in our bridge were all 0.1 /zf. 
The capacitor in branch 6 of the Anderson bridge should have a low loss 
angle. If the self-inductance measured with a perfect condenser is called 
L 0 , that measured with a real condenser having the same capacitance but 
a loss angle 6 will be: 


L = L 0 (l — tan 2 0) 

Since 6 depends on frequency it is desirable to avoid any appreciable loss. 
Moreover capacitors with a large loss angle are usually less constant. A 
small leakage across the condenser will not affect the measured value of 
L. u It is desirable that the connections to the detector and to those parts 
of /?b where the resistance is changed be at low potential. The best way to 
realize this is to use a Wagner ground. Our bridge (Fig. 8) is at the same 
time an Anderson bridge and an Owen bridge. Both bridges can be used 
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Fig. 9. Schematic diagram of Owen bridge. 


alternatively for measuring and grounding. In our case the Anderson bridge 
is a little more sensitive than the Owen bridge. The latter is more frequently 
used for grounding. 

If good and nearly equal capacitors are available, a double Owen bridge, 
as shown in Fig. 9, can also be used to measure magnetic temperatures. Its 
complex balance equation is: 

{R ' + jwLi) -jk, = + jJc) (9) 

Separation of the components gives the conditions: 

L = CJiJt, and ^ (10) 

O4 c 3 

If R 2 and C 4 are kept constant, R s and C 6 , the elements of the Wagner 
ground, can also be kept constant during the measurements. Taking C 3 = C 4 
and making the numerical value of C4R2 accurately equal to a power of 10, 
the reading of R z will give immediately the numerical value of L save for 
a factor that will be a known power of 10. 

If the residuals of the Owen bridge are taken into account, the balance 
equation containing L may be written: 

Li — C4R2R3 1 2 + — 1 tan ( 0 3 — 0 4 ) (1 1) 

C 3 00 v 1 

The relation between Li and L is the same as for the Anderson bridge: 

Ai = L + uCj} — CJtC + h 

the term (C t /C,)k does not give any trouble in the measurement of mae- 
nehc temperatures suice it is independent of temperature and of frequency 
The last correction term of Eq. (11) contains « and the loss angles 6 3 
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Fig. 10. Mutual inductance bridge. 


and 0 4 . It is desirable that both 0’s be small and nearly equal to reduce the 
dependence on frequency. 

Use of Mutual Inductances 

Figure 10 shows an arrangement for measuring magnetic temperatures 
with a Hartshorn type A.C. bridge. The primary as well as the secondary 
coils of the two mutual inductances are connected in series, but the second¬ 
aries in such a way that the induced voltages can compensate each other. 
Since the induced voltages usually do not have exactly the same phase 
angles, a correction is indispensable. Moreover the two circuits need a 
common point to stabilize the effect of their mutual capacitance. A com¬ 
mon small but adjustable resistance provides the phase correction. For 
adjustment of the effective resistance R of this common part of the two 
circuits a shunting dial type resistance is again very convenient. A common 
ground as indicated in the drawing is advisable. 

Considerable losses in the mutual inductance surrounding the salt can 
occur at very low temperatures or in a magnetic field. They are caused 
by relaxation and hysteresis phenomena. These losses can be taken into 
account by introducing a complex susceptibility x! — jx "• 

The induced voltage in the secondary coil surrounding the salt may be 
written 

jo>MJ = MM !° + q X ')I + c cq X "I (12) 

This voltage is compensated by the voltages juMiI and RI. Mi is the 
mutual inductance of the coil surrounding the salt, Mi° is the mutual in¬ 
ductance of the same coil when the salt is taken away, / represents the 
current in the primary coil, q is a proportionality factor, and M 2 is the 
variable mutual inductance of the coil that has to compensate Mi . If M 1 
and M 2 are pure mutual inductances the balance equation may be written: 

Mhl + jo>MJ - RI = 0 (13) 

From Eqs. (12) and (13) the two following balance equations may be de- 
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duced easily: 

ftf i° + M 2 + q\ = 0 and R = wqx" • 

The first equat ion is linear in x'> the second in x"• Both equations can be 
used in computing magnetic temperatures from experimental data. For 
measurements above 1°K without external magnetic field x" is usually 
very small and only x' is used to measure temperatures. 

An example of a mutual inductance mounted in a cryostat is given in 
Fig. 11. The primary coil has to be chosen long enough to give a homogene¬ 
ous field at the position of the salt or better over the whole length of the 
secondary coils. The secondary coil is usually split up into two or three 
parts. The additional coils that do not surround the salt are connected in 
opposition to the coil surrounding the salt. In this way Mi° can be made 
practically zero and the combination of coils has a very small pick up. 

A detailed description, which gives very useful information on a complete 
equipment for obtaining very low temperatures by demagnetization and 
for measuring these temperatures with an A.C. bridge or by means of 
ballistic measurements, has been published by de Klerk and Hudson. 13 

In several of the early demagnetization experiments a ballistic measuring 
arrangement was used. An example of such an arrangement is shown in 
I'ig. 12. A detailed description of its present construction, use at very low 
temperatures, and advantages has been given by Steenland. 15 This method 
is especially useful at those very low temperatures where relaxation and 
hysteresis effects occur and an alternating current causes too much heating 
up of the paramagnetic salt. 

Accuracy of the Magnetic Method 

If the dependence of the susceptibility of the chosen salt on temperature 

is sufficiently accurately known, the obtainable accuracy still depends on 
the following factors: 



Fig. 11. A mutual inductance in a cryostat. 
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Fig. 12. Arrangement for ballistic measurement. 


(a) The magnitude of the susceptibility per cm 3 of the salt, 

(b) the total quantity of the salt used, 

(c) the accuracy of the measurements of the inductances, 

(d) the accuracy obtainable in measuring the calibration temperatures. 

(a) The susceptibility per cm 3 is proportional to r and 

r = 1.488-^ s(s + 1). 

In this expression d indicates the density and M the molecular weight or 
the gram-ionic weight. Table 1 summarizes the values of r for some well- 
known paramagnetic salts. 

The influence of the magnetic interaction of the magnetic ions is small 
for salts for which r is small. Therefore such salts are most suitable for 
measurements at very low temperatures. For measurements at higher 
temperatures (e.g. between 4° and 20°K) a salt like Gd sulfate is much 
more suitable. 

(b) If measurements are made also at very low temperatures, it is nearly 
always desirable that the salt be used in the shape of a sphere or an ellipsoid. 
For measurements at higher temperatures, however, one may also use a 
cylinder which bears the coil nearly immediately on its surface with an 
elastic intermediate layer between salt and coil. If a sphere in a homo- 


Table l 

Copper potassium sulfate, CuK2(S0 4 )2-6H 2 0 
Chromium methylamine sulfate, CrCtTNITfSCMs* 12H 2 0 
Chromium potassium sulfate, CrK(S0 4 )2- 12H 2 0 
Ferric ammonium sulfate, FeNH 4 (S0 4 )2-I 2 H 2 O 
Manganese ammonium sulfate, MnfNITMSCbls-GIUO 
Gadolinium sulfate, Gd2(S0 4 )3-SH20 


4s(s + 1) 

r 

3 

0.0067 

15 

0.0187 

15 

0.0204 

35 

0.0462 

35 

0.0609 

63 

0.189 
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geneous field has to be used, the self-inductance coil can be only filled up 
with salt for a fraction of its total volume. For the mutual induction, the 
secondary coil can be quite short since its secondary coil bears no current 
at the moment of balancing. 

(c) Since m = m 0 -f .4/(7’* — A) and, at least in the calibration region 
T* = T and A = 0, approximately: 


dm 

dT 



and 



For the mutual inductance bridge the measured quantity m is most fre¬ 
quently a number of windings. The arrangement for measuring mutual in¬ 
ductances accurately, built by de Klerk in Leiden to measure very low 
temperatures, provides, when used with potassium chromium sulfate for .4 
the value 10. The smallest measurable quantity is about 0.002 winding. 
Therefore this arrangements enables one to measure differences in magnetic 
temperatures with an accuracy of 0.0002 T~ °K. Ballistic measurements are 
less accurate. In his thesis Dr. Steenland gives for the ultimate accuracy 
of his arrangement 0.05 winding. This still gives a good accuracy for meas¬ 
urements below 0.1 °K. Since at temperatures above 1°K there is no ob¬ 
jection to using an A.C. bridge, the calibration constants needed for the 
evaluation of the results of the ballistic measurements of *' can be meas¬ 
ured with an A.C. bridge at temperatures between 1 and 4.2°K. 


For the thermostated self-inductance bridge of the Leiden Laboratory 
AL/L can be measured with an accuracy of at least 1 X 10 -6 . 

,' 2 

a r = - 


T A L 


A/L L 


When a gadolinium sulfate cylinder is used A/L can be at least as large as 
0.5. The smallest measurable difference in temperature will then be: 


A T = -2 X 10 _6 r 2 °Iv 


Therefore with this salt at 20°K an accuracy of about 0.001°K can be ob¬ 
tained. 

Using a sphere of CrCH 3 NH 3 (SO,) 2 - 12H.O with a diameter of 17 mm 
in a coil of which the diameter was 22 mm and the length 60 mm at 4 2°K 
an accuracy of 0.0OCK has been obtained. 

(d) From the relation m = m, + A/(T - A) may be concluded that 


and 



(m 3 — ?ni) 
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Frequently the accuracy of the measurement of ra 2 — mi is superior to the 
accuracy of the measurement of l/(T 2 * - A) - l/(Ti* - A). Temperatures 
between 1.3°K and the X-point of helium can be measured comparatively 
easily with an accuracy of 0.001° or 0.002°K. Above the X-point it is difficult 
to obtain a better accuracy than 0.005°K. For temperatures in the liquid 
hydrogen region (14° - 20.5°K) the effect of temperature on the empty coil 
may not be entirely negligible. Summing up, we conclude that it is difficult 
to obtain for A a better accuracy than 0.1 per cent. 

Frequently more than two calibration temperatures are used and A and 
mu are evaluated from a graph containing m as a function of 1 /(T* — A). 

Calibration temperatures are usually deduced from vapor pressure meas¬ 
urement of the liquid helium bath which contains the salt. Although the 
vapor pressure can be measured accurately enough, it is difficult to realize 
good equilibrium of temperature in the liquid above 2.2°K and to make 
certain that the measured vapor pressure is indeed the equilibrium pres¬ 
sure corresponding to the temperature of the salt. Below 1.3°K, thermo- 
molecular pressure effects may become significant. 
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1. Introduction 

The problem of irreversible processes may be approached by three dif¬ 
ferent methods. First we have the recent extension of thermodynamics to 
nonequilibrium situations. The purpose of thermodynamics of irreversible 
processes is to establish general connections between different irreversible 
piocesses without going into molecular considerations. It provides us also 
with important information concerning the direction of change towards 
situations which are more general than those studied by classical thermo¬ 
dynamics (for example stationary nonequilibrium states). Thermodynamic 
considerations give us clearly some information about fluctuations, as 
shown by Einstein’s classical formula or other more general relations which 
one may consider. However, the general problem of the “kinetics” of fluc¬ 
tuations is beyond thermodynamic considerations. 

Second there is a statistical mechanics which assumes a lack of detailed 
microscopic information not only as to the initial conditions of the system 
but also as to the description of the dynamical processes of particle inter¬ 
action. This has the effect of substituting for the exact mechanical process, 
as described by classical or quantum mechanics, a random process. The 
main problem of irreversible processes is to show the existence of asymptotic 
distribution functions independent of the initial conditions (“ergodic 
property”). This problem is then automatically solved by using a suffi¬ 
ciently simple random process, like Markoff chains, for which the ergodic 
property may be shown to be valid under rather wide conditions. 1 - 2 This 
random” approach has been widely used specially in connection with the 
theory of brownian motion to study the limitations of the second law of 
thermodyiiamics.^ It remains, in spite of its utility, unsatisfactory from a 
ore fundamental point of view because the laws of nature are to be finally 
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described in terms of unitary transformations (as in classical or quantum 
mechanics) and not in terms of a random process. 

Third there is a statistical mechanics of irreversible processes based pri¬ 
marily on mechanical concepts. This approach deserves particular atten¬ 
tion because of the deficiencies of the other two. The ergodic theory of Von 
Neumann, Birkhoff, and others 4 unfortunately does not provide us with the 
possibility of giving an answer to most of the questions which are of im¬ 
portance in a theory of irreversible processes. This theory belongs to what 
Khinehine calls “general dynamics,” a branch which tries to obtain results 
independent of the precise form of the Hamiltonian. But such quantities as 
relaxation times, transport coefficients, etc., clearly depend primarily on 
intermolecular interactions and cannot be obtained in this way. 

In this paper I shall, in sections 2 and 3, give a very brief summary of 
the thermodynamics of irreversible processes and then discuss in more de¬ 
tail the problem of stationary nonequilibrium states. In section 4 I shall 
discuss some recent developments in the theory of fluctuations based on 
random processes, mainly in connection with the role of thermodynamic 
quantities. Finally, in section 5, I shall consider briefly the case of irre¬ 
versible processes in lattices for which all revelant quantities may be calcu¬ 
lated exactly. In this case it is also possible to calculate the time necessary 
for the establishment of the asymptotic distribution. 

It is quite out of the question to discuss these different subjects in detail; 
however, an account will be given of some recent developments which may 
play some role in the subsequent evolution of this important field of modern 
physics. I wish to call attention to the fine review article by Montroll and 
Green, 6 which contains an excellent bibliography. 


2. Thermodynamics of Irreversible Processes 


There exist already some general expositions of this subject. Here 
we shall limit ourselves to a short summary of the principles which are 


involved. 

We shall consider a system formed by the contents of a well-defined 
geometrical volume of macroscopic dimensions. The boundary of such a 
volume is a mathematical surface which separates the outside woild, oi 
more simply, “the exterior,” from the system. We shall distinguish be¬ 
tween closed systems , which exchange energy but not matter, and open 
systems , which exchange both energy" and matter with the exteiioi. 

S will stand for the entropy of the system, and dS for its variation 
during time dt. The central point is the splitting of the change of entropy, 
dS, into two parts. The first part, d c S } is the change of entropy due to in¬ 
teractions with the exterior, and the second part, c/,-5, is the contribution 
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due to changes inside the system: 

dS = d e S + dtS. (2.1) 

The second law of thermodynamics is introduced by postulating that diS 
is never negative. It is zero when the system undergoes reversible changes 
only, but is positive if the system is subject to an irreversible process as 
well: 

diS = 0 (reversible process); d>S > 0 (irreversible process) (2.2) 

For isolated systems there is no flow of entropy, so that Eqs. (2.1) and 
(2.2) reduce to the classical statement, 

dS = diS ^ 0 (isolated systems) (2.3) 

Suppose we enclose a system, which we shall denote by I, inside a bigger 
system II, so that I + II as a whole are isolated. The classical statement 
of the second law of thermodynamics would be 

dS = dS 1 + dS 11 ^ 0 (2.4) 

Now, by contrast, applying Eq. (2.2) to each part separately, we have 

diS 1 > 0, diS 11 > 0 (2.5) 

I he formulation thus implies that in every macroscopic region of a system 
the entropy production due to irreversible processes is positive. Inter¬ 
ference of irreversible processes is possible only when they occur in the 
same region of the system. Such a formulation may be called a local formu¬ 
lation in contrast with the global formulation of classical thermodynamics. 

The actual calculation of the entropy changes d e S and diS, is performed 
by using the equations of conservation of matter, momentum, and energy, 

and by assuming that the classical Gibbs formula for the total differential 
of entropy, 


dS= ! f + 


ydv _ v' ^ ^ 

rp 2 -j p (*Tly y 


( 2 . 6 ) 


is still valid (T is absolute temperature; p, pressure; V, volume; My , 
chemical potential of component y,n y , mole number of y). This equation 

vari e a S blt a £ e F n „ 0Ut C r llb ;'i Um ; the entr ° Py d6pendS eXpUcitly 0n the 

The exact domain of vahdity of Eq. (2.6) can only be obtained by com 
panng this thermodynamic formula with the corresponding statistical ex- 

toTbta^r 7 the conditions which must be fulfilled in order 

to obtam concordant results. Such a comparison is possible for gases for 
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which a complete statistical theory of irreversible processes exists. It can 
readily be shown" that Eq. (2.6) remains valid for a large class of irre¬ 
versible processes. This class includes the transport phenomena for which 
the statistical velocity distribution functions are of the form f y = f y {0) 
(1 + 3s (1) ) with f y (0) the equilibrium distribution function and / 7 (0) $ 7 (I) 
the second approximation function as calculated by the well-known Chap- 
man-Enskog method. 12 ' 12 This class also includes chemical reactions suffi¬ 
ciently slow not to disturb to an appreciable extent the equilibrium form 
of the distribution function of each constituent. 

The entropy production per unit time as deduced from Eq. (2.6) always 
has a very simple form. It is a bilinear form in the rates of irreversible 
processes (denoted by «/*) and the generalized forces or affinities (denoted 
by X k ) 

^ = £ J k X k (2.7) 

at k 

A specific example is the entropy production due to a chemical reaction, 
which is of the form 


dtS 

dt 


Ar 

Y 




where r is the chemical reaction rate and A , the affinity (De Donder 14 ), is 
related to the chemical potentials by 

A = — (2*9) 

7 

where v y is the stoichiometric coefficient of component y in the chemical 
reaction. 

Also, if there are two simultaneous reactions (Ai = — S p y M7> 
Ai = — S v y m ny) t 

djS = fVi , > Q (2.10) 

dt T T ' 

As another example, we may consider the entropy production per unit 
time and unit volume, denoted by a, due to thermal conduction. It is 

found that 

a = grad ( 7 1_1 ). 1 E 0. (2.11) 

Here again we have the general form of Eq. (2./) with X — (l/I) 

and J = W, the thermal flow rate. The rates and the affinities which occur 
in Eq. (2.7) are not uniquely defined. They are subject^to linear transfor¬ 
mations which leave the entropy production invariant. ’ 
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At thermodynamical equilibrium, the entropy production is zero and 
we have simultaneously for all reversible processes 

J k = 0 and X k = 0. (2.12) 

It is quite natural to assume, at least close to equilibrium, that there are 
linear relations between the rates Jk and the affinities Xk . 

Such a scheme automatically includes empirical laws such as Fourier’s 
law for heat flow and Fick’s law for diffusion. 18 The existence of such phe¬ 
nomenological relations is an extrathermodynamic hj'pothesis. However, 
once linear relations have been introduced, the thermodynamics of ir¬ 
reversible processes will yield important information concerning the co¬ 
efficients which appear in these relations without invoking any particular 
kinetic model. We shall write the linear relations in the form 

Jt = Y LkiXi (2.13) 

i 

The coefficient Lki describes the interference of the two irreversible proc¬ 
esses k and i. Using Eq. (2.13), the bilinear form (2.7) becomes a positive 
quadratic form in the X{. So we can obtain some obvious inequalities for 
the coefficients L*,-. If we have two irreversible processes, one representing 
thermal conduction and the other diffusion, the coefficient L 12 refers to 
thermodiffusion and the inequalities resulting from the positive character 

of Eq. (2.7) enable us to assign the maximum possible value of the ther¬ 
modiffusion coefficient. 19 

A second kind of general relation between the interference coefficients 
Lik (i ^ k ) has been deduced by Onsager 20 on the basis of the principle of 
microscopic reversibility and classical fluctuation theory (see also Casimir 21 
and the recent papers by de Groot and Mazur 22 ). 

We have to distinguish between the case 


Jk{t) — Jk(~t), J k an even function of time 


(2.14) 


and 


Jk{t) — Jk( — t), J k an odd function of time. (2.15) 

If both irreversible processes i and k are even or uneven in the sense of 
Eqs. (2.14) and (2.15), the Onsager-Casimir theorem states that 


L ik = Lki . 

If one is even and the other odd 


(2.16) 


L ki . (2.17) 

The Onsager-Casimir theorem, Eqs. (2.16)-(2.17), has to be modified in 
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the presence of forces depending explicitly on the velocity, such as Lorentz 
forces, Coriolis forces, etc.' 0 " For example, in the presence of a magnetic 
field, Eq. (2.16) becomes 

L ik (H) = Lki( — H). (2.18) 

A third consideration refers to the symmetry of the irreversible processes. 
An interference of the irreversible processes is only possible if the general 
Curie principle of symmetry is satisfied. 4 For example, there is no possible 
interference between the rate of a chemical reaction and thermal flow. 

Not only is the total entropy production positive but also the contribu¬ 
tions of the irreversible processes which have the same vectorial character 
are separately positive. 

Let us consider now in more detail the application of the method of ther¬ 
modynamics of irreversible processes to the study of stationary non¬ 
equilibrium states. 


3. Stationary Nonequilibrium States—Variational Principles 

In a continuous system the total entropy production per unit time is 

= [ <r dV, (3.D 

at Jv 

where a is a bilinear form in the rates of irreversible processes J , and the 
generalized forces X, [see Ecj. (2.7)]. We shall also use the notation 

. (3.2) 

at 


Let us split the change of the local entropy production a into two parts, 

da = dja + dxa, ( 3 - 3 ) 

with 

dj<r = J2Xi dJ t , d x a = y J , dXi . (3-4) 

» » 

23 

We shall now prove the following two theorems: • 

(1) Under the restrictive condition stated below we have 

dja = d x o = Yl da. ( 3 - 5 ) 


The restrictive conditions are: 

(a) validity of the linear relations (2.13), 

(b) constancy of the phenomenological coefficients La -, 

(c) validity of Onsager’s relations (2.16). 
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The demonstration is nearly trivial. Indeed under these restrictions 

dj<r = XiLi k dXk = L^iXi dXk = J jl - dXk — dx& ■ (3.6) 

t.* i,k fc 

(2) The second theorem is less obvious. It states that, under time- 
independent boundary conditions for T and the chemical potentials Hy , 

dx® 


dt 


-L 


djo- 

dt 


dV <C 0. 


(3.7) 


This theorem is exact even if the restrictive conditions quoted above are 
not satisfied. Let us consider the simple case of heat conduction (for the 
general proof see reference 23). Then [cf. Eq. (2.11)] 

[ w a grad (7 ^ 1) dV = j- w grad d(,T~ l ) dV 

Jv ol Jy - dt 

aJ P - - I. * E* ™ 


dt 


l 


With time-independent boundary conditions the surface integral vanishes. 
Using the equation of conservation of energy, 


c v ^ + div JV = o, 

Ol 


(3.9) 


we get finally 


d x $ 

dt 


I. 


IT ««« 


(3.10) 


because the specific heat c v is positive in the whole range of validity of 
thermodynamics of irreversible processes (“stability conditions”). 

We see that the change of the generalized forces with time is therefore 
such that it lowers the value of the entropy production. 

If the restrictive conditions quoted above are valid, we get 


dt 


i. 


dV £ 0. 


(3.11) 

Hence the entropy production per unit time decreases and is a minimum 
in the stationary state. The difference between equilibrium states and 
stationary nonequilibrium states depends essentially on the boundary 
conditions. If the temperature and chemical potentials are uniform on the 
boundaries, we have finally an equilibrium state characterized by a vanish- 
mg entropy production. If the boundary conditions prevent an equilibrium 

Sd'bv a ° eventually a stationary nonequilibrium state charac- 
ed by a mimimum rate of entropy production if Eq. (3.5) is valid. 
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The entropy production rate has clearly a dual aspect: it is a thermody¬ 
namic quantity by the occurrence of the generalized forces, and a kinetic 
quantity by that of the rates. Hence the approach to the stationary non¬ 
equilibrium state is no longer determined by a purely thermodynamic 
quantity. Many consequences of this theorem have been discussed else- 

i 6, 7, S, 30 

where. 

It is significant that even in the case in which the theorem of minimum 
entropy production is not valid, the thermodynamics of irreversible pro¬ 
cesses provides us with Eq. (3.7) as the criterion for the direction of change 
of the entropy production due to the change of the generalized forces. 
Unfortunately the most general statements of thermodynamics which are 
expressed by Eqs. (2.1), (2.2), and (3.7) are statements about the nontotal 
differential forms, d,*S and </*$. 

Let us now consider briefly the variational formulation of steady-state 
conditions in cases in which the theorem of minimum entropy production 
is not valid. 22,25 We shall again consider the simple case of heat conduction. 
We try to find a Lagrangian £, such that 


L = f £r/ V 
Jv 


(3.12) 


has the following properties 


(dL/dt <C 0 

\L = minimum in the stationary state 

This problem has here a surprisingly simple solution. 
Let us write 


(3.13) 

(3.14) 


£ = i (grad 


(3.15) 


where the scalar potential 4> is defined by 

grad $ = * grad T or 


<I> 


= f HT) 


dT 


(3.1G) 


and X is the heat conductivity coefficient. r l he variational derivati\e of 
Eq. (3.15) with respect to4> is 


5£ _ d£ <1 

»*=i,2,3 dx 



= -div (g^d <*>). (3.17) 


Eq. (3.9) takes the form 


dT 

dt 


d£ 

< 94 > 


(3.18) 
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So we see immediately that the stationary states ( dT/dt = 0) are charac¬ 
terized by the extremum of the integral of Eq. (3.12). Moreover, for time- 
independent boundary conditions, 


dL 

dl 


-L 


d£ d$> 
d$ dt 


+ z 


a /a# 


-i. 


d$ 


vM> dt 


dV 


r <s) 


a_ /a$ V 

a/ Va.fi/ 


dV 


a<t> 


ir.^W 

af ) 



dV <C 0 


(3.19) 


The Lagrangian £ has a simple interpretation. Indeed using Eq. (3.16) we 
get, in the stationaiy state, 


L = i j y (S£^d $) 2 dV = | j W 2 dV = i W 2 = mininum. (3.20) 

The fact that L is a minimum in the stationary state expresses a kind of 
principle of least velocities which is the analog of the Gauss principle of 
least constraints in classical mechanics.' 6 If we prevent the system from 
leaching the true equilibrium for which IF = 0, we obtain a stationaiy 
state for which the average value of IF 2 is as small as possible. 

It may be easily shown that the relation between £ and the entropy 
production cr is 

XT ’ 2 

£ = ~2~ *- (3.21) 

If the gradient of temperature is sufficiently small we may treat the factor 
(XT ) as a constant; then the variational principle stated above is identical 
to the theorem of minimum entropy production. 

The interest of the theorem of minimum entropy production consists in 

its independence of kinetic assumptions. On the contrary, principles such 

as Eq. (3.20) are dependent on such assumptions, as may be shown bv the 
study of chemical reactions. 24,25 

We may perhaps conclude this section by saying that all these variational 
principles express the idea that stationary nonequilibrium states are char¬ 
acterized by some kind of optimum dynamical efficiency, in contrast with 

m lsolated s ^ stems which depend on the statistical 
weights of the different microstates. 

4. Fluctuations 

There exists a close relationship between the thermodynamics of irre¬ 
versible processes and fluctuations. This connection can be expressed by 
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postulating that the decay of a system from a nonequilibrium state does not 
depend on whether the state was the result of a fluctuation or of an im¬ 
posed constraint.* 0, “ The system does not remember how it got to the 
given initial state. This postulate has been expressed and used by Onsager 
in the derivation of his famous reciprocity relations we have already quoted 
Eqs. (2.16-2.18). 

Let us now consider more closely the relations between thermodynamic 
concepts and fluctuations. We may consider two different problems. The 
first is the probability of a fluctuation at a given single instant. The second 
is the probability of a given succession of nonequilibrium states. 

The first problem is solved for fluctuations around the equilibrium situa¬ 
tion by the classical Einstein formula* 8 based on Boltzmann’s principle. 
r l he probability of a fluctuation is related to the entropy change A,-S due 
to the fluctuations by (apart from a normalization constant) 


r 


exp 


AiS 
k ‘ 



The relation of the Einstein method with that based on distribution func¬ 
tions for microstates has been carefully studied by Greene and Callen. 29 

Let us consider more closely the entropy production due to fluctuations. 
We suppose that the flows ./, may be considered as the time derivatives of 
fluctuating quantities a,, 



Then, expanding the generalized forces around the equilibrium, we get 


diS = X* doa = 2Z a i d a ' = s ij a J dcti 


»; day 




So the total entropy production due to the fluctuations is 







It must be negative if the fluctuations arise from a stable equilibrium state. 
Neglect of the higher terms is equivalent to the assumption that the fluc¬ 
tuations are gaussian. 

We wish to mention here the interesting problem of fluctuations around 
a nonequilibrium stationary state. Let us consider the following simple 
example. We have two phases at temperatures T 1 and 7’ 11 separated by a 
porous wall or a capillary. The two phases may exchange matter. We have 
to consider two irreversible processes: exchange of heat and exchange of 
matter. The entropy production may be written in the form' 1 



(4.4) 
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where J m is the flow of matter and J th the flow of heat. The phenomenologi¬ 
cal linear equations are 



J m — Z/21 

with the Onsager relation 




(4.5) 


Z/12 — Z/21 • 

In the steady state J m = 0. According to Eq. (4.5) the pressure difference 
is then 



(4.6) 


This is the well known thermomolecular pressure difference. Owing to the 
fluctuations in the number of collisions in the capillary Ap(or AN) has 
also to fluctuate. For equilibrium (AT = 0) 

W - #)*«,« = N (4.7) 


Do we have the right to use the same formula even if AT is different 

from zero? The same problem arises in the study of accidental deviations 

in the conduction of heat in the case where there is an average current of 

heat (Ornstein and Milatz 30 ). We shall consider this problem briefly in the 

frame of the theorem of minimum entropy production we have discussed 
in Section 2. 


Let us consider a stationary state in which k of the n independent forces 
Xl ' * ‘ x n which characterize the system have fixed values Xi at • • • X k ‘\ 
The other generalized forces are such that in the stationary state the flows 
corresponding to X k+l • • • X n vanish 


«Z» — 0 (i — k + 1 , • • • n) (4.8) 

Let us now consider a fluctuation around the stationary state. This fluctua¬ 
tion is characterized by the following values of the forces 





(i — k - f- 1, • • • n) 


The corresponding entropy production then takes the form 


diS 

dt 


n 


£ LijXiXj = 

i 




n 

+ E LijSXiSXj 

i.i-k+1 


0.9) 


(4.10) 



220 


TRANSIENT PHENOMENA 


X\ e see that the supplementary entropy production due to the fluctuations 

is precisely equal to the total entropy production we would have around 

an equilibrium situation, for values of the generalized forces equal to 

b\ i . Using Eq. (4.2) and the linear relations between forces and rates we 
might also write Eq. (4.10) in the form 



J ihXi dt 


J E SX t da, 

= -Yl 2Z SijCCiOlj 
»»■>* 


(4.11) 


The basic idea of Einstein’s thermodynamic method is to express the proba¬ 
bility of a fluctuation in terms of deviations from the basic macroscopic 
law of entropy increases in isolated systems. The corresponding macro¬ 
scopic law for nonequilibrium situations not too far from equilibrium (cf. 
Section 2) is the theorem of minimum entropy production. For this reason 
it seems quite natural to express the probability of a fluctuation in such 
systems in terms of deviations from the theorem of minimum entropy pro¬ 
duction. 

Einstein’s formula (4.1) may be also written 



The corresponding formula for a nonequilibrium situation is 



(4.12) 


(4.13) 


Neglecting higher-order terms we obtain a gaussian distribution of proba¬ 
bilities. Using Eq. (4.11) we get the explicit form 



In other words the probability of a fluctuation a* + i • • • a n is given by 
Einstein’s formula as for an equilibrium situation. 

This extension of Einstein’s theory is valid only if the theorem of mini¬ 
mum entropy production is valid. This involves, among other things, the 
validity of Onsager’s reciprocity relations and the requirement that the 
stationary state is in the neighborhood of equilibrium. In the case of the 
fluctuations of the thermomolecular pressure it is quite easy to calculate 
their probability by a kinetic method (cf. Prigogine and Mayer ) and to 
verify the validity of Eq. (4.14). It would be interesting to pursue the study 
of this problem in the future. 

Let us now consider the second basic problem, that is, the probability 
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of a given succession of nonequilibrium states. This problem has been 
studied in a recent paper by Onsager and Machlup. ' 

The phenomenological equation which gives the decay of the fluctuation 
is [cf. Eqs. (2.13), (4.2), (4.2')] 



(4.15) 


where R = l/L is a “resistance” coefficient. This is, however, only true on 
the average. The “exact” equation is obtained by adding a random force 
e(0 


Rcc + Sa = € (i) 


(4.1G) 


and becomes thus a stochastic equation. This is the exact equivalent of the 
usual Langevin equation 31, JJ ' 34 in the theory of brownian motion. 

The paper of Onsager and Machlup is concerned with the path of a in 
time under the “influence” of these random forces. As this paper looks at 
first rather difficult, it may be interesting to summarize it briefly here. 
The formal integration of Eq. (4.1G) gives 

or = aoe ^ J C 7(t °e(r) dr (4.17) 

with y = s/R. We may now assume that *(/) is a rapidly varying function 
and that its integral over an interval At, which is large in comparison with 
the periods of e, but small in comparison with the macroscopic regression 
time of the fluctuation, has a gaussian distribution. This may be considered 
as a consequence of the central limit theorem as applied to the sum 

dr (4.18) 

of a large number of random variables. Moreover, the dispersion may be 
taken as proportional to At as in the analogous cases of diffusion. 3 Using 
elementary considerations as developed in the well-known review article 
by Chandrasekhar, 3 we may calculate the double distribution function 

'‘(r + .|r) 

which gives the simultaneous probability of having « = ai a t t and a = «*> 
at t + r. We get 




1 s [a 2 — ct\e 
2/5 (1 — g-2rr) ) 


(4.19) 


The form of this expression may be understood without difficulty. First 
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we notice that 


«2 — OLiC 


-**■ = 0 


or 




a 2 = a ic 


(4.20) 


that is, the mean value of a> at time t + r is given by the average macro 
scopic law. Then for r —> oc 



in accordance with the Boltzmann-Einstein formula. 
Finally, for r —> 0 (5 ( x ) is the Dirac delta function) 


(4.21) 


fi ~ 6 ( 0:2 — <*i) 


(4.22) 


The paper of Onsager and Machlup consists mainly in the transformation 
of Eq. (4.19) into an equivalent but suggestive mathematical form. Let 
us divide the interval ( t , t + r) into p small equal subintervals. Then we 
have the following equation which expresses the conservation of probabili¬ 
ties (Chapman-Kolmogoroff equation): 



Let us replace /1 by its value, (Eq. 4.19), and let the number of intermediate 
subintervals go to infinity. The integrations may be performed (due to the 
simple exponential form of / 1 ) and one obtains 

fi ^ | ~ exp (^— ^[«(0 + ya(t)] min 2 dtj (4.24) 


The suffix min means that the function a(t) is the solution of the Euler- 
Lagrange equations corresponding to the Lagrangian 


cC(a, a) = R[ct + 7 a]‘ (4.25) 

with the boundary conditions 

ar(b) = ai , a(f P+ i) = <*p +1 (4.26) 

It is much easier to verify the complete equivalence between Eq. (4.19) 
and Eq. (4.24) than to prove Eq. (4.24) directly. For this verification 
we observe that the Euler-Lagrange equation is simply 


Ld£ _ d£ 

dt da da 


or a — ya = 0 


(4.27) 
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The solution is therefore 


a = ai exp (— 7 /) + «2 exp (+ 7 O 


(4.28) 


where a* , a-i are fixed by the boundary conditions (4.26). If we replace 
a(t) in Eq. (4.24) by its value, Eq. (4.28), it becomes a matter of elemen¬ 
tary calculation to verify that Eq. (4.24) reduces to Eq. (4.19). 

Finally we may express <£ in terms of entropy production and the so-called 
dissipation functions. The entropy production is [cf. Eq. (4.3)] 


diS 

dt 


— saa 


(4.29) 


Let us also introduce the dissipation function in the rates of irreversible 
processes defined by 

2$(«, a) = Ra (4.30) 

and in the generalized forces 

2'KX, X) = LX' = i sV (4.31) 

K 

Then the Lagrangian may be written in the form 

£ = 2 [*(<*, a) + MX, X) - (4.32) 

The result of Onsager and Machlup gives a kind of generalization of the 
Boltzmann principle. It gives the joint probability of a fluctuation in 
terms of entropy production and dissipation functions. It is also valid for 
many simultaneous irreversible processes and may immediately be gen¬ 
eralized to give the joint probability of (p + 1 ) simultaneous values of a. 

It does not, however, seem probable that this principle will play in the 
future a role comparable in importance with the classical Boltzmann prin¬ 
ciple, because the main problem of statistical mechanics is finally to ex¬ 
press the various relaxation times or phenomenological coefficients L, ; 
m terms of mechanical quantities. Here, like the friction coefficient in the 
Langevin equation, these coefficients are supposed to be given as empirical 
parameters. The description used in Onsager and Machlup’s paper is a 
temporal one. I 11 the papers by Callen and his co-workers they use on the 
contrary a Fourier transformation of the temporal description, i.e. a 
spectral description. 27 The main result obtained is a generalization of the 
classical Nykist formula to a large class of dissipative processes. 

5. Establishment of Thermal Equilibrium in Lattices 

Finally we shall treat briefly the case of crystals for which the establish- 
ment of the asymptotic distribution function may be followed quite di¬ 
rectly without any appeal to stochastic processes . 86,36 
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We shall consider here only the simplest case, that of a one-dimensional 
lattice with nearest neighbor interactions, but the results have now been 
extended to general three-dimensional lattices. 36 The equations of motion 
may be solved in terms of normal modes. The amplitudes of the normal 
modes depend on the initial conditions. 

Let us introduce a uniform notation for the different characteristic quan¬ 
tities. We shall call y 2n the velocity of the n" 1 particle, y 2n +i the deviation 
of the distance between particles n and n + 1 from its equilibrium value. 
All quantities are normalized to use only dimensionless quantities. The 
initial values of the variates are y n °. Then the solution of the equations of 
motion for harmonic forces takes the relatively simple form 37 

Vn(t) = Z y?Jn-M (5.1) 

V 

where is the Bessel function of order n — v. In our problem we know 
only the probability of the initial data y,° and we want to know the proba¬ 
bility distribution of the y n at any given time. The main point is to investi¬ 
gate the asymptotic probability laws for large time. 

The form of relation (5.1) is already very suggestive. As time goes on 
the random variables y„ depend on more and more random variables y y °. 
The contribution of any individual initial data goes to zero. So after a long 
time we are in a situation which strongly reminds us of that described by 
the central limit theorem. The random variable y n is the sum of an infinite 
number of random variables y y °. 

Let us start with an initial distribution function f(yi° • • • y n ° • • • ; 0) 
Liouville’s theorem states that this distribution function for the system as 
a whole remains invariant 

f(yi • • • y n • • • ; 0 = f(yi °, • • • y n ° • • • ; 0) (5.2) 

We shall assume that there exist initially no long-range correlations (i.e. of 
the order of magnitude of the dimensions of the system). Then it may be 
shown 36, 36 that, despite Liouville’s theorem, local distribution functions 
pertaining to a small (in comparison with the total system) number of 
variables show a remarkable asymptotic behavior. Examples of such local 
distribution functions are the distribution function of a simple velocity or 
relative distance 


f(Vk ; 0 = J * * • 

and the double distribution function /(//* , ijk+i ; t) corresponding to a 
velocity and a relative distance. 

All these local distribution functions may be shown to approach multi¬ 
variant gaussian distributions after times of the order of acoustical times 


/ f(y 


yn 


0 dyi • • • d\)k-\ dyk +i • * * dy n 
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(distance between nearest neighbors divided by the velocity of sound). 
The approach to these asymptotic distributions follows a | t \ -1/2 law (see 
also Van Hove 38 ). These asymptotic distributions are local “canonical” 
distributions. We may call local ergodicity this local tendency to these 
asymptotic distributions. 

As an example we may consider the case of a homogeneous system in 
which there is initially no equipartition between potential and kinetic 
energy but which is otherwise in equilibrium. For a one-dimensional har¬ 
monic system we obtain the solution 35 

T{t) = T eq u + A7Vo(2*) (5.3) 

where AT is proportional to the initial difference between the kinetic and 
potential energy. The temperature oscillates in time according to the Bessel 
function of order zero, J 0 , and becomes equal, after a sufficient time, to 
the equilibrium temperature T c(l u . 

The existence of integral invariants (the energies of the normal modes) 
other than the total energy for harmonic S3 r stems establishes, however, a 
■ limitation in the asymptotic distribution function. The energy of a normal 
mode E(0) in the one-dimensional system may be written in the form 

E(0) = I k cos kd (5.4) 

where J* is the sum 

Ik = y > Vnl/n+k (5.5) 

n 

The E(6) and therefore the I k are invariants of the equations of motion. 

The asymptotic distribution functions may differ from the equilibrium 
ones for ergodic systems only as to the actual values of the second moments 
Ik . To obtain the correct values of the second moments we have either to 
introduce anharmonic forces or to consider initial distributions such that 
the Ik had already the correct values. 

To the change of the local distribution function corresponds a change of 
the local entropy as defined by these functions. 40 This local entropy reaches 
its maximum value compatible with the existence of the invariants of motion 
after a time of the order of acoustical times. The subsequent evolution de¬ 
pends on the strength of the anharmonic forces and proceeds according to a 
quite different time scale. We cannot go into more details but we wish to 
emphasize that such considerations seem to permit one to understand the 
nature of irreversible processes by considering small subsystems embedded 
in a very large one without any appeal to coarse grained or time-smoothed 
distributions. This “local” approach seems specially promising for the un¬ 
derstanding of the properties of stationary nonequilibrium states. 
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15 . RELAXATION OF PARTIAL 

TEMPERATURES 


K. F. Herzfeld 


The Catholic University of America 


Definitions 


Relaxation. The term “relaxation” was first used by Maxwell in connec¬ 
tion with the problem of changes in the distribution function for the velocity 
of gas molecules. It was then widely applied to the phenomena of creep or 
of plastic deformation in which a specimen is subjected to a fixed extension 
whereupon the stress is “relaxed” by plastic flow. A large group of processes 
are now designated as relaxation processes 1 ; it is not easy to give a sharp 
definition of “relaxation.” In some relaxation phenomena thermal effects 
are important, in others not. In the following discussion, we restrict our¬ 
selves only to the former, but cannot even treat these exhaustively. 

For our purpose we can define relaxation phenomena as those which are 

governed by a first order differential equation of the type described below. 

Let U be the dependent variable (e.g. the temperature), which depends on 

the time t as independent variable and on a parameter X (e.g. the pressure). 

Ihere exists then a time r, called the relaxation time, which is, within the 

accuracy considered, assumed to be independent of U and X. If X has a 

constant value for a time which is long compared with r, it is assumed that 

U will reach a time-independent value U(X). A typical relaxation equation 
then, is 


dU 

dt 


It is noted that a solution is 


- 1 (U - 0 ) 

T 



dU 

dt 




If U has, at time zero, a nonequilibrium value U 0 , the solution of (1) is 

U = Uoe t,T -j- U(l — e~ t,T ) (2) 

The variable approaches asymptotically the equilibrium value U. 

However, Eq. (1) can also be considered as describing a “driven” mo- 
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tion, if Jhe parameter X is prescribed as function of the time and, accord- 
ingly, U(X) also as function of the time. U would be always equal to U(X), 
the static value corresponding to A r , if the change were so slow that U could 
follow. This means 


r 


dO 

dt 


« 0 


Consider first a sudden change from X 0 to Xi (step function). The solution 
is 


U = U(X 0 )e- t,T + 0(Xi) (1 - e-' lT ), (2') 

a gradual “relaxation” of U towards its new equilibrium value (Fig. 1). 
_ Next, assume that X varies so that U(X) is simple harmonic in time (if 
U is proportional to X, X would be simple harmonic). 

0 = U 0 e iut 


The solution of Eq. (1) is then 



0 

1 + iwT 


Uo cos 0 >t 
1 T* w 2 r 2 




Q)T 



apart from a transient, needed to adjust to initial conditions. The first, in 
phase, component gradually diminishes with increasing frequency; (see 
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Fig. 2 


Fig. 2b) the second, out of phase, component starts from zero, reaches a 
maximum sin wt at ojt = 1 , and then goes to zero (see Fig. 2a). There 
is no “overshoot” in the solution as would be the case for resonance, since 
this requires an inertial term (second order differential quotient).* 

one may cite first order 

(monomolecular) chemical reactions; 1/r is then a reaction rate constant 

However it is not necessary that the reaction be really monomolecular; if 

e deviation from equilibrium is small, even a reaction of higher order 
may appear quasi-monomolecular. 


Actually the basic physical process in most of the relaxation phenomei 
to be discussed is the transfer of quanta, in most cases of one quantum onl 
rom the standpoint of general statistical mechanics the treatment is tl 
same whether we deal with several distinct chemical species, or sever 
distinct quantum states of the same molecule. Accordingly the basic r 
taxation equation has the form of a chemical rate equation^ although tl 
equivalent reaction scheme may be quite complicated. 


If X is X(t), SO that the static value of U which would pviof if v 
equal to X(t) is 0(t), the general solution of Equation (“is "’ ere °° nStantlj 


% 
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Definition of Temperature. From the standpoint of statistical me¬ 
chanics, temperature is defined as the measure of the broadness of a certain 
kind of distribution,* and can be defined only if this distribution exists. 

r „ situation is simplest it the system consists of independent particles.! 
Then one can again usefully discuss two cases. 

(a) One has well-separated energy levels, of degeneracy g g and energy c,. 
If the occupation numbers for any two are N, and Nj 



Accordingly the temperature is then defined by 


1 

kT 




(b) One lias a nearly continuous array of energy levels, so that G(e)At 
of them lie between the energy limits € - J^Ae and e + ^Ae. If and c y 
aie two arbitrary values, in the allowed range but differing by appreciably 
more than Ac, then Eq. (4) is replaced by 


AiV, AIVj = G(t')e-* lkT iG(* i )e-'i ,kT (6) 

1 he “particles” in the preceding may also be separated degrees of freedom, 
like Debye waves in a crystal. 

If it is not possible to consider the system as made up of individual par¬ 
ticles, it is sufficient that one is able to separate out a part of the system, 
the “thermometer,” sufficiently so that the total Hamiltonian can nearly 
be made up additively of that of the “rest of the system” and of the fluctua¬ 
tions in the “thermometer.” If the “thermometer” is itself large, the fluctua¬ 
tions will be relatively small; the}’ can however be used to define the tem¬ 
perature of the whole system. 

Going back to the case in which there are well-separated energy levels 
(case a) it is clear that: 

If only one level exists, the notion of temperature has no meaning. 

If only two levels exist, a (positive) temperature can always be defined, 


* The detailed discussion of the meaning of “distribution” will be omitted here. 
See, e.g., Mayer and Mayer, “Statistical Mechanics,” John Wiley & Sons, Inc., New 
York, 1940, or R. C. Tolman, “The Principles of Statistical Mechanics,” Oxford 
University Press, New York, 1938. 

t This assumes that the system obeys “Boltzmann Statistics.” This is not neces¬ 
sary for the whole system if the degrees of freedom treated here are, for example, 
internal degrees of freedom superposed on and separable from translational degrees 
of freedom, the latter alone obeying Fermi-Dirac or Bose-Einstein statistics. 
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by Eq. (5), provided 



e. > , 



but not if Eq. (7) is violated.* The equality sign gives T = =c . 

If more than two levels exist, the notion of temperature requires a par¬ 
ticular distribution, Eq. (4) or (6), which we call the Maxwell distribution. 

If one has distinct systems, which may or may not be spatially separated, 
but are approximately separable, i.e., if the total Hamiltonian is approxi¬ 
mately the sum of separate expressions, one for each system, the condition 
of equilibrium is that each sj'stem, obeying separately a set of equations 

(4) or (G), gives the same temperature T. Cases of such separate systems, 
spatially not distinct, are: 

(a) In a molecular gas, the internal degrees of freedom—vibrational and 
rotational as one system and the external degrees of freedom—transla¬ 
tional—as the other. 

(b) In a molecular costal, the waves composed mainly of internal mo¬ 
lecular vibrations as one system and the acoustical or Debye waves as the 
other. 

(c) In a crystal, the Debye waves—lattice vibrations—as one system 
and the spin system as the other. 


When equilibrium exists, the amount or kind of coupling between the 
two systems considered is of no importance. On the other hand, in the 
nonequilibrium case, the amount of coupling is decisive for the result. 


Partial Temperatures 

Several cases of nonequilibrium may be of interest: 

One starts the total system with an arbitrary distribution and investi- 
gates how it settles to the equilibrium distribution. 

Or one forces a nonequilibrium distribution on one subsystem A by ex¬ 
ternal influences and investigates how this affects the other subsystem B 
Such a case is that of stationary heat conduction in a polyatomic gas; here 

be problem is the extent to which internal degrees of freedom reach equi- 
libnum with the local translational energy. 1 

The third case is that of a varying—often periodically varying—external 
influence on subsystem A and the problem is how closely subsystem B re¬ 
mains in equilibrium with subsystem A. An example is that of ultrasonic 
■waves m a polyatomic gas, where the primary effect is on the translational 
motion (subsystem A) and the problem is that of the degree of cqu bnun 
with the internal degrees of freedom (subsystem B) Another exan r.ll 
modulated illumination of a light-absorbing 

* If Eq, (7) is violated, Eq. (4) would lead to a negative T. 
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to other degrees of freedom. A third example is that of an alternating mag¬ 
netic field affecting a spin system (A) and energy transfer to lattice vibra¬ 
tion (B). One way by which such processes are often described is to assign 
separate temperatures, T A and T B , to the subsystems A and B. In equi¬ 
librium, as mentioned earlier, T x = T B ; in nonequilibrium, the problem 
lies in finding the relation between T A and T B . 

However, such a description presupposes that one is justified in ascrib¬ 
ing a temperature to each subsystem. The assumption that T A and T B 
exist but are not equal requires in general that the establishment of a Max¬ 
well distribution within each subsystem, A or B, goes much faster than the 
energy exchange between the two subsystems. Investigation of the condi¬ 
tions under which this occurs is the main subject of this paper. It will 
obviously be necessary to discuss first the meaning of temperature in a 
nonequilibrium system, and the rate of establishing a Maxwell distribution 
within a system when it has no exchange of energy with the outside. 


Temperature in a Nonequilibrium System 

As mentioned previously, a temperature can always be defined for a 
system which has only two energy levels. For many purposes this can also 
be done if other energy levels lie so high that their population is negligible, 
even if it does not obey Eq. (4). 

Meixner 2 has introduced a definition of temperature for each energy 
level, by considering not the ratio of population of two levels, but the frac¬ 
tion of the total population in each level, N s /N, where 

N = ZN.. ( 8 ) 

8 

He defines the temperature T a as that equilibrium temperature which 
would give the actual N s /N , i.e. 


Ns 

N 


9i* 


tjlk T t 



With this definition, the total energy change can be written 

SE =Z ‘M. = Z C.(T,)ST. 


(9) 

( 10 ) 




where 




If the deviation from Maxwell’s law is small, one can write, e.g. foi 
subsystem B, 

E b = £ e.N. = £b(7’b) + E C,(T S )(T. - Tb) 

8 


do") 
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Here, one defines a temperature T B of subsystem B by 

E b = E b (T b ) = CL*.g.e-' ,lkTB ) (Zg*e-‘- nTB )-' (11) 

so that T b is the temperature of an equilibrium state of subsystem B 
with the same energy, E B , as the actual nonequilibrium state. 

It follows from the definitions [(10") and (11)] of 7’ B that 

E c.{t. - r B ) = o 

S 

or 

T s - To = x- E C.(T*HT. - To) 

^ B « 

where To is an arbitrary temperature near T B and 

<?» = Ec.( r B ) 


is the equilibrium specific heat of B. 

We have the right to talk in the narrow sense of partial temperatures, 
i.e. of subsystems in equilibrium within themselves but not with each other, 
if we can define !F B so that we have, for all significant levels s, 

I T. - Tb | « (Tb - T a ) ( 12 ) 

Often, however, condition ( 12 ) is disregarded and T n is defined by ( 11 ). 
this is the definition that is usually made for a gas in nonequilibrium, where 
one defines T A for the translational degrees of freedom by 


M 

RTk = ~ 3 ^ ( Vxx + + P«) = %(Ea) 


trana 


Here the p’s are the normal stresses, p the local density, M the molecular 
weight. 

There are cases where the result of the experiment is independent of the 
question whether subsystem B has or does not have nearly a Maxwell dis¬ 
tribution. In a diatomic gas (a single vibrational degree of freedom) the 
only question which matters is how much energy is withdrawn from the 
nergy of translation and rotation and not how the vibrational energy is 
distributed among the vibrational levels. In this case, the partial vibra¬ 
tional temperature T B defined as in Eq. ( 11 ) is only a convenient way to 
express the vibrational energy E B . ^ 

Whether in cases where deviation from a Maxwell distribution is large, 
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it is useful to introduce fictitious “temperatures” T s [Eq. (9)] or, more 
roughly, a temperature T B [Eq. (11)] or whether one should then simply 
use N s /N or, more roughly, E B , is a question of convenience. In the non- 
equilibrium gas case, the answer might depend on whether one wished to use 
a ‘thermometer” plunged into the gas, and on its nature. 

One can now restate the assertions made at the beginning of this section 
as follows: 

If there exist only two significant levels, there exists only one ratio 
A VA r i, or No /(Ah -f A^), for a given value of E. For many levels, there 
is a wide variety of combinations of N s /N values giving the same E (within 
narrow limits). 


Establishment of Equilibrium within a Subsystem 


In -practice only two kind of systems can establish internal equilibrium 
without energy exchange with the outside: (a) those with a nearly continu¬ 
ous array of levels, and (b) those with equidistant levels (harmonic oscil¬ 
lator). Otherwise it is impossible to satisfy the energy equation. 

An important example of case (a), that of the translational degrees of 
freedom of an ideal monatomic gas, has been investigated in detail by 
Grad. 3 Grad has shown that, if the initial state of the gas is prepared by 
making an arbitrary nonequilibrium distribution of the molecules, the 
adjustment process occurs in two steps. 

The first step proceeds very fast, lasting only a few times the interval 
between collisions of a molecule, and leads to a local near-Maxwellian 
distribution, which is the condition for the macroscopic validity of the 
Navier-Stokes equations. The second step may last much longer and is 
governed by the macroscopic equations, leading, e.g., to flow phenomena 
in a closed vessel to equalize the pressure and their damping out by heat 
conduction and friction. The essential point in the rapidity of the first 
step is the high efficiency in the exchange of translational energy between 
molecules. 

Case (b) refers to a system with equidistant energy levels, e.g. a system 
of molecules carrying a single kind of idealized harmonic oscillators. Let 
us, for the sake of simplicity, assume that the interaction is such that only 
single quanta are exchanged, and consider the well-known rules* for the 


transition probabilities of single quanta 


for different levels. Then a typical 


* The assumption of single quantum jumps means an interaction energy propor¬ 
tional to the product of the amplitudes. If this interaction were stationary (station¬ 
ary dipole interaction), it would not produce jumps. The interaction must vary with 
time, e.g. by translational molecular motion, even if there is no exchange with trans¬ 
lational energy. 
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such two-molecule process 


$ —> s + 1 

y->; - 1 


has the probability 


&io (s + 1 )N S 'jNj 


where k 10 is the rate for one pair of molecules in the exchange process 1 —» 0; 
0 -> 1. 

The typical expression for the change of occupation numbers of level s 
is then 


1 dN. 

&io dt 


= (s + 1).V, +1 Y O' + 1 )Nj + sN.-t Y jNj 


- 0 + DA', YiN, - sN. Y 0 + DAT, 


(13) 


One has now 


IX = N 

I^siV, = qN 


(total number of particles) (8') 

(total number of quanta) (14) 


where q, the average number of quanta per particle, is given for the equi¬ 
librium state by 


q = ( e hy,kT - I )" 1 

Eq. (13) may now be rewritten 

W(1 + q) IF = (S + 1} [ Ar ‘« - rYq iVl ] 


(14') 




+ 9 



(13') 


Ihis equation gives as stationary solution the Maxwell distribution law 


Ar. +1 :AT.:Ar._ 1 = _X_ 

1 + 9 


(15) 


That this is the only solution follows from considering s = 0 It is also seen 
that one can introduce a “relaxation time” t, given by 


(16) 


t = fcioA^d + q) 

and that the solution of Eq. (13') depends on 1/t. 

Orders of magnitude in these phenomena are indicated by the fact that 
the number of collisions between C, 2 molecules needed at room 1 temperalSre 
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to establish a vibrational Maxwell distribution is 4 about 400, while that 

needed to establish equilibrium between vibration and translation is 5 about 
34000. 

The theory shows that, the larger hv and the mass of the particle and the 
lower the temperature, the longer the relaxation time; but the exchange 
with translation is affected by r much more than the internal equilibration. 

Sketch of the Physical Mechanism of Energy Exchange 

Exchange of Energy between External and Vibrational Degrees of 
Freedom in Gases. This exchange can only occur in collisions. The physi¬ 
cal principle has been discussed by Landau and Teller. 6 The efficiency 
depends on and increases with the ratio of the vibrational period to the 
time of interaction; accordingly fast molecules (up to a limit) are more 
efficient than slow ones. However, since the number of molecules per unit 
energy range decreases with increasing kinetic energy, assuming a Max¬ 
wellian distribution, there exists a velocity region which contributes most 
to the exchange. Only short range forces affect the transfer directly; but 
long range forces have an indirect effect by influencing the molecular 
velocity. 4 - 7 

The reason why short range forces alone induce exchange between vi¬ 
brational and translational energy is that they alone give rise to inter¬ 
actions of short duration. One can translate this into quantum theoretical 
language; one says then that adiabatic processes do not produce quantum 
jumps. Numerical calculations have been made by Schwartz, Slawsky, and 
Herzfeld for simple molecules. 4,8 

Since the energy transfer occurs by collision and the time between colli¬ 
sions is inversely proportional to the pressure, it is more useful to list Z, 
the number of collisions needed to bring about equilibrium by energy ex¬ 
change, instead of the relaxation time. 

r = Z X (time between collisions) 

Table 1 shows that the relaxation times cover a very wide range of values, 
at atmospheric pressure and room temperature from 10 7 to more than 
4 X 10~ 3 second. Measurements exist also for a number of organic mole¬ 
cules. 

The exchange of rotational and translational energy seems to be very 

Table 1. Z for Simple Molecules 


Collision 

Ni — N* 

Oi — Os 

Cli-Ch C1 j-Hc 

COs - COi 

T°K 

600° 

288° 

28S° 

288° 

288° 

Z(exp) 

2 X 10 7 

2.5 X 10 7 

34,000 

900 

50,000 

Z(calc) 

1.5 X 10 9 

1.0 X 10 s 

13,000 

75 

22,000 
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efficient, needing only 2 to 3 collisions for nitrogen. An exception is the 
H 2 molecule, where about 150 to 200 collisions are needed. 9, 10 This can be 
understood, since the moment of inertia is exceptionally small and there¬ 
fore the energy differences between rotational levels are exceptionally large. 
One should expect that this also applies to radicals like OH, CH, etc. In 
such cases equilibrium should be attained within 200 collisions. The fact 
that, for the radicals, nonequilibrium rotational distributions have been 
found in flames is somewhat surprising, although no detailed numerical 
discussion has been made (200 collisions at 1 atm. and 2500°K take about 
0.5 X 10 7 second; at 1 mm Hg pressure about 0.4 X 10~ 4 second). 

Numerical theories for transfer of rotational energy have been developed 
recently. 12 


Energy Exchange in Liquids. The same process of energy exchange 
between internal and external degrees of freedom probably also exists in 
liquids. 13 In most cases the relaxation times are much shorter than for 
gases. 14 No detailed satisfactory theory exists for the calculation of the re¬ 
laxation time. However, it is in line with the idea that the same process 
occurs as in gases, that for a number of organic liquids the relaxation time 
is about 200 to 300 times shorter than for the same substances as vapors 
under standard condition. The ratio of the densities is about 300. 

Energy Exchange between Debye Waves and "Molecular” Vibra¬ 
tions m Solids. Such an exchange occurs through the anharmonic terms in 
the force function. Although the general picture is clear, very little detailed 
work has been done, except for a paper by Landau. 15 Born’s new book may 
contain more such calculations. They are important in many fields, e.g. 
heat conduction in solids (energy transfer between different Debye waves) 
and loss for microwaves and width of infrared absorption in polar crystals 

(energy transfer from optical to acoustical or Debye branch of lattice 
vibrations). 


Spin Lattice Relaxation. Transitions between energy levels of spin 

states cannot be induced by steady magnetic or electric fields, but only bv 
time-varying magnetic fields. 


Spm-fspm interaction which establishes near equilibrium within the spin 
system depends on the varying magnetic fields. The variation of these 
magnetic fields is due to the fact that the lattice vibration, carrying the 
spins along changes their relative distances and therefore the magnetic 
eld strength produced by the other spins at the position of one of them 
his exchange only involves energy within the spin system, which accord¬ 
ingly acquires a partial temperature dependent on the energy provided by 
the external magnetic field. 1 ea Dy 

produced bv°th" Se be -"’ een ^ Sphl SySt6m and th@ lattice ^bration is 
produced by the varying magnetic field which arises because the ionic 
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charges, moving as a result of lattice vibrations, represent electric currents 
which are accompanied by magnetic fields. These two effects stand in 
roughly the ratio: electron velocity in the lowest Bohr orbit in hydrogen to 
thermal velocity of the ions. Accordingly, the relaxation times may be 
Quite long at low temperatures. One might also say that these relaxation 
times are so long because magnetic forces are long range forces. However, 
in these processes impurities with large spin are important, since they force 
alignment of spins in their vicinity and therefore produce larger resulting 
fields, thereby reducing the relaxation time. 

Processes Where Relaxation Is Important 

From the experimental standpoint, there are three types of arrangements 
where relaxation phenomena are important and through which, conse¬ 
quently, they can be measured. The three are distinguished by the kind of 
time variation which the “forces” attacking subsystem A undergo. 

In the first the “force” produces a stationary state. 

The second type corresponds to a step function for the forces. In some 
respects this is simpler, but because it occurs only once, one has to use a 
rather strong step, so that the simplicity disappears again. 

The third type is represented by periodic time variations; these can 
usually be linearized (small amplitude). 

Stationary State.* Heat Conduction in Gases. When a gas molecule 
travels in a temperature gradient, it gets into a region with a temperature 
different from the one it came from. The translational and rotational energy 
is adjusted rather quickly, but the vibrational energy may be adjusted 
slowly, so that the molecules at a given place may have an average vibra¬ 
tional energy different from that belonging to the local temperature and 
therefore a different partial temperature. The process of heat conduction 
may then be considered as a mixture of external heat conduction plus a 
diffusion of internally excited molecules. The first to raise the problem was 
Ubbelohde but, in spite of newer investigations of Meixner and Hirschfelder, 
no complete theory exists yet. 16 

Electronic Excitation, 17 Consider an atom, e.g., an alkali or mercury atom, 
in a narrow frequency region of black-body radiation so that the region 
includes the resonance absorption line. Assume also for the sake of sim¬ 
plicity that the temperature and frequency are such that forced emission 
will not play any role. Then the electronic excitation will correspond to 
the temperature of the radiation Tr . Add now a gas which does not ap¬ 
preciably absorb the radiation present, but quenches the resonance emis¬ 
sion, i.e., deactivates the electronic excitation with a relaxation time r q . 

* Equation (1) needs some modification in this case, e.g. of the type of Eq. (13). 
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Then the number of electronically excited atoms will be decreased 

N t ft 2 _ 

Oi 


= (R e -h-ikT n 


ft ft tr + T q (7x T R 4- r q 

and the partial temperature 7’ B of the electronic excitation, defined by 


(17) 


ft 2 _ Q'l -hy/kT B 
Xi 9x 


(4') 


is given by 


1 

T» 


JL + A i n T « + T « 

H hv Tn 


(18) 


Shock Waves. The method which uses a step function does so with the 
help of a shock wave. This has up to now only been applied to the relaxation 
problem in gases, since the relaxation times in liquids are too short. 

The fundamental treatment of shocks with relaxation is due to Bethe 
and Teller. It is based on the idea that the equation of state depends 
only on the translational energy; the theory does not discuss the behavior 
within the few mean free path lengths which make up the shock front itself 
and so one can assume that a near-Maxwellian distribution is established 
for translation, and a temperature 1\ can be introduced. If the vibrational 
degrees of freedom take a time r to get adjusted which is long compared 
to a collision interval, then at first only the translational and rotational 
egrees of freedom are affected by the compression. Accordingly, directly 
behind the shock front the temperature, pressure, and density are those 

belonging to a gas with C. = (if the molecule is linear) or and y = 1.4 

or 1.33. Afterwards relaxation sets in and translational and rotational 
energy starts to flow into vibrational degrees of freedom (or even into dis- 

Zrn tn T, “° n) - Accordin e | y the translational temperature goes 
don , the density goes up, and the pressure goes down somewhat. Suffi¬ 
ciently far behind the shock front, that state of temperature, pressure and 

front ff theTt T f W ° Uld have existed direct ly behind the shock 

The effect ™ ft ° u heat ’ ie ’ of * had bee » effective. 

whTIh y S6en f ° r the density in str01 'g ^ocks, for 


— = 7 ~f~ 1 _ 


P2 

Pi 


7~1 


6 for 7 = 1.4 
8 for 7 = 1.29 


(19) 


“T d “ ,W ~ “T* “ d “”<* *■» front 
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tion of the experiments is not simple. On the other hand, one can measure 
relaxation times at such high temperatures as with no other method. 

The shocks can be produced in two ways: 

(a) In the shock tube, by breaking a diaphragm or by an explosion. 
This method has been pioneered by Slawsky and his group at the Naval 
Ordnance Laboratory, by Bleakney and Griffith at Princeton, and by 
Hornig and his group at Brown University. 1J 

(b) By flow against an obstacle where a shock is produced in front of 
the obstacle. In a modification of this method, Schwartz and Eckerman, 20 
under Slawsky’s direction, shoot a projectile into the gas and measure the 
distance of the shock ahead of the projectile. 

Periodic Phenomena. Ultrasonic Waves. The usual equation for the 
sound velocity in an ideal gas is 

V 2 = y ~ (20) 


If there is absorption in the wave, this can be generalized by using the 
complex velocity. Taking the reciprocal (a-absorption coefficient) 



If dispersion and absorption are due to a relaxation process in the gas, this 
can be expressed in Eq. (20') by replacing C p by an effective specific heat 
(Cp) e ff to be defined below. 


(i ia\ 2 r r i m _ r r i m 
\V w) L (<?„)„, ,J RT 70 L (C p )„ ( fJ yt,RT 

= 70 [* ~ mrJ tv 



or 

(f- - “)■ - 4 - &,] 

This equation can immediately be applied also to those liquids in which the 
same processes are operative, by substituting for R in general C p — (v • 
(Cp)off is defined as follows: 

The usual static specific heat is 

Cp° = ( C P ) A + C B , ( 22 ) 

where A refers to the external degrees of freedom (system A), B to the 
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internal degrees of freedom. Then 
(C,).<r = (C r ), + Cn ^ = C„) A + C„ 


1 


1 + i(j)T 


(23) 


= C" - Cg 


lOiT 


1 4- i03T 


Equation (23) follows from Eq. (3) since T B , the partial temperature of 
the vibrational system, is analagous to U, and T A , the partial temperature 
of the translational system, is “driven” by the pressure variations in the 
sound wave. 

Equation (23) is then inserted in the sound wave and some algebraic 
transformations applied. One gets 


1 


_ 1 4~ tW 1 1 T ia»r 


with 


(O p ) e ff C p ° T C pA iuT 


C p ° 1 + iior' 


(24) 


9 

T = 


C p - C, 

c n ° 


(24') 


lo illustrate numerical data, consider an ideal diatomic gas with classical 
vibrational heat /?, with the rather high sound intensity ~0.015 watt/cm 2 

or an acoustic peak pressure of 0.01 atm. The peak temperature rise in the 
external degrees of freedom is given by 

¥ - “ K7, 

At low frequency, C p = %R and 


At higher frequencies 


*T A = dT B = 0.67°K 


STg = 


8T 


1 + tW 

and the effective specific heat decreases, ST A increases. For cot » 1 

(C p )„„ = y 2 R- ST A = 0.86°K; STs = 0 

There may be several degrees of freedom, each of which may have its 
own partial temperature. It is easy to generalize Eq. (23) accordingly 

an eonaf T'®', betW6en nei S hborin g rotational levels are not 

all equal, the relaxation times for different transitions are different and 

hi between rotational levels matters, one cannot treat 

the whole rotational system as one subsystem. 

Spin-Lattice Relaxation. The subsystem A which is directly affected by 
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simple harmonic forces—namely an alternating magnetic field—is the spin 
system, which is coupled with the lattice vibrations, acting as subsystem 
H. Equation (23) holds here also. The principal difference between this and 
the case of ultrasonic waves lies in the fact 21 that the specific heat C A of the 
spin system is determined by the magnetic interaction of the spin and the 
possible presence of an external static or quasi-static field, and may be 
small, particularly at higher temperatures, compared to C B , the specific 
heat of the lattice vibrations. 


The amount of the coupling between the two systems, or the value of the 
relaxation time, may be found by measuring the width of the magnetic 
resonance absorption curve. 
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16 . THERMOMETRY BELOW 1°K 


D. de Klerk 

Kamerlingh Onncs Laboratory, Leiden, Holland 

Introduction 

ihe fundamental definition of absolute temperature is the one originally 
proposed by Kelvin, more than a hundred years ago. 1,2 Absolute tempera¬ 
ture may be based on a reversible Carnot cycle. Let us suppose that the 
heat absorbed isothermally at the higher temperature ( T x ) is AQ X , and that 
the heat delivered isothermally at the lower temperature (To) is A Q 2 . Then 

if AS is the difference in the entropy of the two isentropics, we have the 
relations 


AQi _ AQ 2 __ a q 
T x To A ^* 


( 1 ) 


Ihese relations are independent of the working substance, the only require¬ 
ment being reversibility of the cycle. If we know one of the temperatures, or 

the entropy difference, we can base the determination of the other tempera¬ 
ture on this relation. 

For the practical realization of thermometry it is not essential to carry 
out the Carnot cycle, in which experimental errors are often too large 
Temperature as introduced in the second law of thermodynamics, as an 
integrating denominator, is essentially the Kelvin temperature. Hence if 
we derive a relation between T and other properties of state (fulfilling the 
requirement that they can be determined by experiment) from the second 

ture scal 1 ^* ■ 1 ^ 0dynamICS, ^ reIati ° n Can be used to est abllsh the tempera¬ 
te best ' kl ; 0 '™ example of the above is that of the ideal gas. In fact for 

identici y Tn the absolute temperature scale and the ideal gas scale are 
dentical. In recent years, however, the temperature region below that 
whmh can be reached by pumping over liquid helium was opened "or in¬ 
vestigation. Here no gases are available so that for thermometry in this 

egion we must either look for some other application of the second law or 
go back to Kelvin’s dehnition itself. 

1 emperatures below 1°K can be obtained by the process of „,i;„i,„ t : 
emagnetization of a paramagnetic salt. The method consists of ai^ iso- 
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thermal magnetization at the lowest temperature that can be obtained with 
liquid helium (about 1°K), followed by an adiabatic demagnetization. 
During the isothermal magnetization the magnetic ions in the lattice are 
partially oriented parallel to the field, so that the entropy of the salt is 
decreased with a simultaneous flow of heat from the sample. During the 
subsequent adiabatic demagnetization the entropy of the salt remains con¬ 
stant at the low value, assuming that the demagnetization is a reversible 
process, and the temperature decreases. 

What we need first of all for the absolute temperature determination is 
a secondary thermometer which can be used to recognize temperatures and 
which must be calibrated against the absolute scale. At higher temperatures 
this is hardly a problem—the thermometer can be calibrated separately and 
then brought into thermal contact with the substance under investigation. 
In the experiments below 1°K the difficulty is encountered that thermal 
equilibrium becomes more difficult to obtain the lower the temperature is. 
The simplest solution is to use some temperature-dependent property of 
the sample under investigation. Such a property is called a thcrmomctric 
parameter. The consequence is that the establishment of the temperature 
scale must be repeated not only for each new salt under investigation, but 
also for different samples of the same salt since the results are usually not 
identical. Suitable parameters are the static susceptibility, x; the real and 
imaginary parts of the A.C. susceptibility, x and x"; and, at the lowest 
temperatures, the remanent magnetic moment, 2. 

The first method of absolute temperature determination is a direct ap¬ 
plication of Kelvin’s definition. One measures the variation of entropy 
when a well-known amount of heat is supplied to the salt. 

The entropy determination is not a real problem in these investigations. 
The decrease of entropy of the salt during the isothermal magnetization 
can be calculated with the help of some thermodynamics from the mag¬ 
netization curve at the initial temperature. 5 During the adiabatic demag¬ 
netization the entropy is constant. The thermometric parameter can be 
measured immediately after the demagnetization. If this is done for a large 
number of demagnetizations from different fields one can make an experi¬ 
mental entropy versus parameter diagram and the variations of the entropy 
can be derived from the measured variations of the parameter. Throughout 
this paper we assume that the relation between the parameter and the 
entropy is known. 

1'he main problem in these experiments is the heat supply. Owing to the 
low thermal conductivity of paramagnetic salts at the lower temperatures 
it is difficult to distribute the heat homogeneously over the sample. A 
heating wire and an induction heater are unsatisfactory below 0.2 K. 'D'O 
more methods are in use at the present time. They are irradiation wit 
gamma rays and heat absorption from an alternating magnetic field. 
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The gamma ray method 6 can be used throughout the whole region below 
1°K. The absorption coefficient of a paramagnetic salt for gamma rays is 
small, hence the penetration depth is large. Thus for not too thick samples 
the absorption is rather homogeneous. This can still be improved by a 
suitable arrangement of the gamma sources around the sample. It is diffi¬ 
cult to estimate the heat absorption in absolute units, but the standard 
procedure is to derive this from a separate experiment in a region where the 
temperature scale and the specific heat of the salt are known. The method 
has been criticized on different occasions. Platzman 7 remarked that it is 
possible that a large part of the absorbed energy is not converted into heat, 
but stored in the crystal. Kurti and Simon 8 pointed out, however, that this 
does not necessarily imply that the method gives incorrect results. We can¬ 
not go into all the details, but it is clear that the results are correct if equal 
fractions of the absorbed energy are transferred into heat at the low tem¬ 
perature and at the temperature where the absorption from the gamma ray 

source is checked. At the present time most investigators have some con¬ 
fidence in the method. 


The method of heat absorption from an alternating magnetic field 9 has 
the advantage that no troubles occur involving the homogeneity of the heat 
supply over the sample. A disadvantage is, however, that it can only be 
applied if relaxation or hysteresis effects occur in the salt. This restricts the 
practical application of this method to the determination of only the lowest 

that can be reached with each individual salt. The practical 
execution of the method is very elegant; the real and imaginary parts of the 

sl ^P tlblllt y of the sal t determined simultaneously by a bridge 
method. The real part is used as a thermometric parameter and the heat 
supply per second follows from the phase angle. Hence both the entropy 
and heating data are derived from the same measurement 

A slightly different application of Kelvin’s method is the case where the 
caloric measurements are replaced by theoretical calculations. 101 11 Suppose 

TromThet t e er r T the Ee ° metry of the of the paramagnetic salt and 

rom the interactions in the crystal to predict on the one hand the relation 

IT ‘ he , fc then »ometric parameter and the temperature, and on the 

heat or fh h ? relatl °" bet ' veen the temperature and either the specific 

the thl Py ' 18 provides us "ith a theoretical relation between 

the thermometric parameter and the entropy; it can be checked exner 

immb^nfT “ Sh °, Uld bC in agreement with the relation obtained from a 
e of demagnetizations as described above Satisfactorv result 

At the beginning of this paper it was stated that any relation based on 
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the second law of thermodynamics giving T as a function of other properties 
of state is as fundamental as Kelvin’s definition itself. In the case of a 
magnetic substance we may derive: 

(dT\ (dM\ 

\dH )a \ds)„’ (2) 

where M is the magnetic moment and H the field. If M is measured as a 
function of H on a number of isentropics we can calculate (dM/dS) H as a 
function of H and S. Further, integration along an isentropic gives the 
temperature difference between any two points of the isentropic, viz. 

C (S ). m ®> 

The most obvious application, proposed by Giauque, 12 is that the in¬ 
tegral be extended from the initial field of the demagnetization to zero field. 
This gives immediately the difference between the initial and final tempera¬ 
tures. Unfortunately this process is unsuitable for the lowest temperatures, 
since a small relative uncertainty in the initial temperature may make the 
precision of the final temperature unsatisfactory. The graphical differen¬ 
tiations and integrations involved in the calculations are other sources of 
inaccuracy. These objections apply to a much smaller extent in the case of 
the direct application of Kelvin’s definition as described above where ratios 
of temperatures are determined rather than differences. 

Still the method has some interesting applications. If the course of an 
isentropic can be predicted on a theoretical basis 13 it can be checked by 
experiment. Moreover, if temperature in zero field can be derived from one 
of the other methods the variation of temperature in moderate fields can be 
determined. 14 This may be of some importance, for instance in the case of 
investigations on other substances where a magnetic field is required (e.g. 
superconductors). 

Applications 

The most striking phenomenon in the magnetic behavior of paramagnetic 
salts suitable for the demagnetization process is the occurrence of a maxi¬ 
mum in the susceptibility well below 1°K. The relaxation and hysteresis 
effects mentioned before occur mainly in the region below this maximum. 
Here the behavior is similar to that of ferromagnetics or antiferromagnetics 
at higher temperatures. Above the maximum the behavior is paramagnetic. 
We shall describe a few examples of absolute temperature determinations, 
first in the region of paramagnetism and then in the region below t e 

maximum. 
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In the neighborhood of 1°K most salts, in weak fields, obey Curie’s law: 

Ar = eJ, (4) 

but marked deviations occur long before the temperature of the maximum 
is reached. The thermometric parameter used in this region is the suscepti¬ 
bility, x, or rather the quantity C/x■ This quantity is denoted by T* and 
named the magnetic temperature , 15 In a region where Curie’s law is still 
valid it is equal to the absolute temperature. At lower temperatures, dif¬ 
ferences occur between T* and T which become the more significant the 
lower the temperature is. In the region near the maximum of the suscepti- 
. bility, T* and T may even become of different orders of magnitude. Here 
T* loses its meaning as a preliminary temperature. 

The deviations from Curie’s law are due to the interactions in the crystal. 
In the region where their influence is still small, hence where T* and T are 
not too different, it is often possible to calculate the deviations theoretically. 
Since the influence of the interactions on the specific heat can also be com¬ 
puted the “theoretical” method quoted above can be successfully applied. 

We shall not go into the details of the theoretical considerations 10, 11 but 
wish to mention only that rather nice results have been obtained with this 
method in the case of chromium methylamine alum. 16, 17 Some data are 
shown in Fig. 1. The curve represents the entropy as a function of tempera¬ 
ture as calculated from the theoretical specific heat data. The points were 
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obtained from a large number of adiabatic demagnetizations. We have 
plotted the entropy as derived from the initial conditions of the demag¬ 
netization (see above) against the temperature as calculated from the 
measured T*. The only parameter occurring in the calculations is the Stark 
splitting of the fourfold degenerate ground level of the Cr +++ -ion due to 
the electric field of the surrounding water molecules. 11 The theoretical curve 
was fitted at 0.5°K but no systematic deviations were found between it 
and the measurements down to 0.1 °K. Investigations with several samples 
gave slightly different values for the Stark splitting parameter but for each 
sample the agreement between the measurements and the theoretical curve 
was good. The values for the parameter quoted by several authors are: 
de Klerk and Hudson 16 : 8 = 0.275°K; Gardner and Kurti 18 : 8 = 0.265°K;, 
unpublished Leiden measurements: 8 = 0.275°K; Hudson and McLane 17 : 

8 = 0.270°Iv and 0.267°K. The last authors suggest that the parameter 
should depend somewhat on the rate of precooling to liquid nitrogen tem¬ 
perature. The only essentially lower value is the one given by Bleaney 19 : 

^ = 0.245°K, but this was obtained from a different method, microwave 
resonance. A possible explanation for the deviation was mentioned by 
Gardner and Kurti. 18 

It is interesting to compare these results with those obtained with a very 
similar salt: chromium potassium alum. Some typical differences were 
found. In the first place the values of the splitting parameter given by 
different investigators are more divergent. Casimir, de Haas, and de Klerk* 0 
found: 8 = 0.270°K; Casimir, de Klerk, and Polder 21 : 8 = 0.263°K; de 
Klerk, Steenland, and Gorter": 8 = 0.251°K; two samples investigated 
more recently in Leiden: 8 = 0.240°K and 8 = 0.250°K; Bleaney 23 : 8 = 
0.24°K; Ambler and Hudson 24 : 8 = 0.250°K. Since all the Leiden meas¬ 
urements were made by the same method in the same apparatus it seems 
fairly certain that the differences in 8 are due to differences in the prepa¬ 
ration and treatment of the samples themselves. Further, if the value of 8 
is chosen to fit the data near 0.5°K the agreement between the theoretical 
curve and the experimental points is very good between 1°K and 0.2°K, 
but a small systematic difference occurs between 0.2°K and 0.1 °K. This 
difference can be seen in Fig. 2; it is always found and is always quanti¬ 
tatively the same. 

The same deviation was found by Bleaney, 23 who applied the direct 
Kelvin method of absolute temperature determination using gamma ray 
irradiation for heat supply. He presented his results in the form of a specific 
heat versus temperature curve. It is shown in Fig. 3. The difference between 
the theoretical and the experimental curves is in quantitative agreement 
with the difference shown in Fig. 2. 

A possible starting point for an explanation of these discrepancies was 
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O ~ T 0.2 0.4 0.6 0.8 10 °K 



Fig. 2. Entropy of chromium potassium alum as a function of temperature. The 
curve is calculated from the theoretical specific heat data for 8 = 0.270°K. O, ex¬ 
perimental points calculated with the Lorentz approximation. 


found by Bleaney. 19 From his microwave experiments it followed that two 
different kinds of chromium ions are present in the lattice with splitting 
parameters 5 = 0.22°K and 8 = 0.39°K. Hence the specific heat might be 
a superposition of two theoretical curves of the shape shown in Fig. 3. This 
is qualitatively in agreement with the experimental curve of Fig. 3, but it 
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proves to be impossible to account for it quantitatively in the whole region 
down to 0.1 °K. 

From the results described here it follows that the data obtained with 
the chromium methylamine alum are somewhat better understood than 
those with the potassium alum. The deviations from theory for the latter 
salts are so small that they are not disturbing for most experiments. But, 
from the point of view of pure thermometry, we believe that the chromium 
methylamine alum should be recommended as a standard substance for 
the region between l°Iv and 0.1°K. This was also the conclusion reached 
during a special session on technical problems in the region below 1°K held 
during the low temperature conference at the Rice Institute, Houston, 
Texas, in December 1953. 

Measurements of magnetization curves up to 500 oersteds were made at 
Leiden for both salts. They are in the course of publication. The variations 
of temperature on the isentropics derived from these measurements with 
the help of Eq. (3) are shown in Figs. 4 and 5. The results look quite reason¬ 
able. In low fields the variation of T is proportional to H~. In high fields the 
curves can be extrapolated without difficulties to the initial fields and tem¬ 
peratures of the demagnetizations if one assumes that finally H must 
become proportional to T. In the case of the methylamine alum the isen¬ 
tropics below S/R = 0.80 show a downward curvature for high fields which 
does not occur in the case of the potassium alum. This downward curvature 
is probably connected with the proximity of the maximum of the suscepti- 



Fig. 4. Variation of temperature with external magnetic field on adiabatic mag 
netization curves for a spherical sample of chromium potassium alum. 
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Fig. 5. Variation of temperature with external magnetic field on adiabatic mag¬ 
netization curves for a spherical sample of chromium methylamine alum. 


bility which occurs for the methylamine alum at a higher entropy than for 
the potassium alum. 16,22 

Now we come to the discussion of the results obtained near and below the 
maximum of the susceptibility. The situation is less satisfactory than in the 
region above 0.1°K. Direct applications of the Kelvin definition were made 
in Leiden, Oxford, and the National Bureau of Standards. Heat supply 
from an alternating magnetic field was used in Leiden and the National 
Bureau of Standards; gamma ray heating was applied in Oxford. 

The susceptibility versus entropy curves for four samples of chromium 
potassium alum measured at Leiden 26 are shown in Fig. 6. At the higher 
temperatures, where A.C. and ballistic measurements still give the same 
results, we have plotted the real part of the A.C. susceptibility since it can 
be measured more accurately. Deviations between the two methods begin 
at the point where the steep rise in x before the maximum starts. Below 
his we plotted the ballistic data. It follows from the figure that noticeable 
amerences occur between the curves of the four samples. 

The^real part of the A.C. susceptibility was used in the Leiden experi- 
merits as a thermometric parameter above the susceptibility maximum 
At and below the maximum it is no longer very suitable since its variation 
s too slow and it is no longer a single valued function of temperature (or 
entropy). I„ the region of the maximum the imaginary part of the suscenti 
bihty increases strongly with falling temperature and it has been us^ as a 
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Pig. 6. The entropy as a function of the susceptibility for four spherical samples 
of chromium potassium alum. 


parameter there. Since in some cases this parameter shows a maximum 
as well at a somewhat lower temperature, a third parameter was needed. 
Use was made of the remanent magnetic moment when a field of a certain 
value was switched off. Sometimes complementary measurements could be 
performed with a different method of heat supply. 26 A number of hysteresis 
loops were described at such a speed that relaxation heating could be 
neglected (e.g. one loop per second for a few minutes), the area of the loop 
being determined in separate experiments during the same helium run. 

All these methods were carried out for the case of chromium potassium 
alum by de Klerk, Steenland, and Gorter. The results were mutually quite 
consistent. They can be summarized in the statement that in the lowest 
region the absolute temperatures are much lower than the corresponding 
T* values. The temperature of the susceptibility maximum was 0.004°K, 
corresponding to T* = 0.033°, S/R = 0.40. The lowest temperature reached 
in the experiments was: T = 0.0029°K, T* = 0.036°, S/R = 0.258. 

Gamma ray experiments on the same salt were performed by Daniels and 
Kurti 27 ; T* was used as a parameter throughout the whole region. The 
calculated temperatures were widely different from the Leiden ones. The 
results of both investigations are given in Fig. 7. For the susceptibility 
maximum they found T = 0.011°K and for the lowest Leiden temperature, 
T = 0.010°K. 

Ambler and Hudson 24 published three points somewhat above the sus¬ 
ceptibility maximum. They were measured with A.C. heating and T* was 
the parameter. Their calculated temperatures are still higher than those 
given by Daniels and Kurti. These points have also been plotted in Fig. 7. 
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Fig. 7. S versus ^-diagram for chromium potassium alum. KSG: curve obtained 
by de Klerk, Steenland and Gorter; DK: curve obtained by Daniels and Kurti; AH: 
points obtained by Ambler and Hudson. 


I his shows that there is not a systematical difference between the two 

methods: the temperature for a given entropy as measured with gamma 

rays is higher than the Leiden figure, but lower than that of the National 
Bureau of Standards. 

If we compare the Leiden and Oxford data in some detail it follows that 
the S versus x (or T*) curves coincide reasonably well; at least the agree¬ 
ment is a great deal better than that between the curves of Fig. 7. From 
the heat supply experiments one can calculate a “specific heat on the 
T -scale,” equal to dQ/dT*, which is usually denoted by c* Both the 
Leiden and Oxford results are shown in Fig. 8. They diverge widely and 
this is the main cause of the discrepancy in Fig. 7. 

The origin of the discrepancy is not very clear. It might be due to a 
merence m the properties of the samples themselves. (The discrepancy 
between the results of Daniels and Kurti and measurements of Hudson 
Hunt, and Kurti also shown in Fig. 8. is still worse than the deviation 
discussed here, though they were made by the same method.) As Daniels 

th d h U i,/ eI fl ed ’ ho "' ever - il is more hkely on theoretical grounds that 
thus should influence the results above 0.1°K more than those ft the lowest 

temperatures. Daniels and Kurti suggested that the very low absolute 

emperature values found by the Leiden workers might be due to a large 

The afT r Ue T ° r "' hich the pr °P er allowance has not been made 
application of a correction for the stray heat is a somewhat difficult 
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Fig. 8. c* versus 7 1 *-diagram for chromium potassium alum. KSG: curve obtained 
by de Klerk, Steenland and Gorter; HHK: curve obtained by Hudson, Hunt and 
Kurti; DK: curve obtained by Daniels and Kurti. 

problem. It is often supposed that some time after the demagnetization the 
sample consists of two parts: a fraction (1 — a) still at the original low 
temperature, and a fraction a which is much warmer. This picture was 
originally given by Cooke and Hull. 28 It was further developed by de Klerk, 
Steenland, and Gorter for the case of a diluted chromium alum 2J neglecting 
the susceptibility components of the warm part of the sample. Daniels 
and Kurti 2 ' estimated also the susceptibility of the warm part. A point that 
has not been taken into account until now is, however, that if some time 
after the demagnetization the shape of the cold core is not similar to that 
of the sample as a whole, the demagnetizing field is different and for an 
undiluted salt this may influence the observed susceptibilities noticeably. 
An indication that this may actually happen was found in the Leiden 
measurements of the remanent magnetic moment. It was often observed 
that after the demagnetization the remanence increased somewhat with 
time, and the only explanation that we could find is that after some time 
the shape of the cold core is more prolate than that of the sample as a 
whole. The influence of this effect on the experiments is difficult to estimate, 
but since the shapes of the Leiden and Oxford samples and their methods 
of suspension are widely different it is possible that the shapes of the cold 
parts of the samples change in different ways. We hope that investigations 
with both A.C. and gamma ray heating on the same sample during the same 
helium run will provide new information. At present they are in the course 

of execution at Leiden. 
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Temperature determinations with chromium methylamine alum were 
performed by Gardner and Kurti 18 with the help of gamma radiation. The 
given values are of the same order of magnitude as found by this method 
for the potassium alum. The lowest temperature was T — 0.013°K, S/R 
= 0.350. Experiments with A.C. heating were tried both in Leiden and in 
Washington. They proved to be difficult since the imaginary part of the 
susceptibility shows a narrow peak with a sharp maximum. Above and 
below the peak the values are very small and this makes the accuracy very 
poor. Hudson and McLane 1 ' concluded that the temperature of the maxi¬ 
mum of the susceptibility should be of the order of 0.015 or 0.020°Iv. We 
doubt whether this salt will prove to be as suitable as a standard substance 
for absolute thermometry in this region as it is above 0.1°K. 

Measurements of magnetization curves in external magnetic fields were 
made for chromium methylamine alum at Leiden. Below the maximum of 
the susceptibility the quantity ( diiI/dS) H reverses its sign so that, according 
to Eq. (2), the temperature decreases with increasing field. The results are 
shown in Fig. 9. They have the same general character as those published 



n i!“;. 9 n Variation ° f temperature with external magnetic field on adiabatic mag 
temperatures ‘ SP " C ““P ° f chromium methylamine alum at the lowe, 
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by Ivurti for iron ammonium alum. The temperature goes down a few 

millidegrees, a minimum occurring at about 140 oersteds. In iron alum the 

temperature decrease is the stronger the lower the entropy; in the chromium 

methylamine alum this is not true. At S/R = 0.3 the minimum is deener 
than at S/R = 0.2. 
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17 . EXPERIMENTAL TEMPERATURE 

MEASUREMENTS IN FLAMES AND 

HOT GASES 


H. P. Broida 
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Introduction 

The need for temperature measurements of flames and hot gases is well 
known, 'temperatures in open flames of hydrocarbon-oxygen mixtures 
and in some present-day engines (gas turbines, jets, and rockets) exceed 
temperatures at which usual temperature-measuring devices can be con¬ 
veniently used. Studies of other properties of hot gases also have created 
a need for temperature measurements and standards in these systems. 

Among the more promising methods for measuring high gas temperatures 
are those involving the use of radiant energy. These methods offer many 
potential advantages because they give an average temperature, do not 
disturb the gas stream, and become more sensitive at high temperature. 
However, there are difficulties as well. A rigid optical path often is neces¬ 
sary. This can be a serious problem, particularly in situations where high 
and changing temperatures or large vibrations occur. Although radiation 
methods give an average value for all the gas in the optical path, a quanti¬ 
tative interpretation of the temperature gradients generally is not possible. 
Thus the use of the measured value for calculation of other thermodynamic 
variables or of engine efficiency and thrust is made very difficult. 

Although many laboratories have been studying the principles and ap¬ 
plications of such methods, no specific procedures have been generally ac¬ 
cepted. Moreover, considerable fundamental data concerning line shapes 
transitions probablities, sensitivity, and accuracy are still needed for a full 
evaluation of the various methods. In this paper several methods utilizing 
radiant energy for gas temperature measurements will be outlined and 
presented on the basis of existing knowledge. Before discussing these 
methods, a few words concerning the meaning of temperatures* are needed 
n a classical thermodynamic sense, temperature is defined only for a 
system m thermal equilibrium.* Thus temperature measurements in hot 
ame gases have an inherent uncertainty caused by temperature gradients 
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and by possible lack of equilibrium among various energy modes. In 
particular, in a flame front, the temperature gradient can be as high as 
100,000 C C per mm (a stoichiometric acetylene-oxygen flame has a tem¬ 
perature greater than 3000°K, 3 and a flame thickness of the order of 0.03 
mm 4 ). Since in the flame zone particles have as few as 10,000 collisions, 
equilibrium may not be reached. However, it is possible to define tempera¬ 
ture in other helpful ways. The average energy of the molecules 5 or the prob¬ 
ability distribution among various energy states 6 can be used as the basis 
for a temperature definition. Often the measured temperature is preceded 
by a qualifying adjective—rotational, vibrational, translational, or elec¬ 
tronic—to indicate the particular energy mode which has been used in 
the determination. In this paper, unless thermal equilibrium is clearly 
suggested, temperature will be enclosed in quotation marks—“tempera¬ 
ture”—to designate a number obtained by measurement. This effective 
“temperature” would be temperature for gases in equilibrium. Selection of 
a particular method of “temperature” measurement may well depend upon 
the phenomena—e.g. thrust, melting—about which information is desired. 

No effort will be made here to give a complete bibliography of experi¬ 
mental temperature measurements of flames and hot gases. Several valuable 
articles are included in two symposia of temperature measurements. 7, s 
A brief discussion of most methods of gas temperature measurement has 
been given by Smit. 9 A bibliography on gas temperature measurements 
containing some 400 references covering the period from 1930 through 1950 
has been compiled by Freeze. 10 In their recent work on combustion, Lewis 
and von Elbe 11 list flame temperatures and discuss some methods of tem¬ 
perature measurement. Gavdon and Wolfhard 12 have surveyed several 
types of temperature measurements in hot gases. Optical methods for 
determination of flame temperatures have been summarized by Penner. 13 

Methods 

This paper will be concerned mainly with methods of measuring tem¬ 
perature between 1500° and 4000°K. Lower temperatures of flame gases 
can be determined reliably with thermocouples. In flames of commonly 
used chemical reactants, temperatures seldom exceed 4000°K. Arcs, 9 
nuclear explosions, 14 and some few chemical reactions produce gases at 
higher temperatures but temperature measurements in such systems will 
not be discussed here. 

Thermocouples have been the most practical sensing devices for measui- 
ing temperatures in hot gases. Under very special conditions, thermocouples 
have been used at temperatures as high as 3000°C. 15 However, in flame gases 
thermocouple measurements have been restricted to less than 1500 K b\ 
problems arising from radiation losses, mechanical rigidity, thermal in¬ 
stability, catalytic action, and the impact of the flowing gases. 



TEMPERATURE MEASUREMENTS IX FLAMES AND HOT GASES 267 


Optical methods of temperature measurement are advantageous in that 
they have little or no effect on the gas whose temperature is to be deter¬ 
mined. Some of these methods are absolute in the sense that the measured 
values are related to temperature by well-established thermodynamic 
equations. Moreover there is a variety of methods utilizing radiant energy 
so that a particularly suitable method may be chosen for each problem. Of 
course, there are several disadvantages as well. Among the most serious is 
the difficulty of locating the point of measurement within the gas stream. 
The measured value is usually an average over several temperature regions 
and a detailed analysis of the averaging is not possible. Apparatus for 
optical temperature measurements tends to be bulky, costly, and sensitive 
to the thermal and mechanical environment. In many cases, the need for 
windows is a serious handicap. While, for certain specific problems, optical 
methods have been valuable for measuring temperature, there has been 
no wide application of these methods. 

Radiation methods of temperature measurement can be grouped in a 
variety of ways. In this discussion three categories will be used: (A) in¬ 
tensity distributions (rotational, vibrational, and electronic temperatures); 
(B) radiance (black-body temperature); and (C) line broadening (transla¬ 
tional temperature). In each category a basic equation relates the measured 
quantity to the temperature. These equations for the three categories are 
known respectively as the Boltzmann distribution of population, the Planck 
black-body law, and the Maxwell distribution of velocities. All these 
equations are valid for gases in thermal equilibrium. However, even for 
nonequilibrium it is possible for one or another equation to be used. This 
gives rise to such “temperatures” as rotational and electronic “tempera¬ 
tures” which are not necessarily characteristic of the other energy modes. 
Separate measurement of two or more “temperatures” may indicate 
whether the gases are in thermal equilibrium. 

Intensity distribution methods for temperature measurement generally 
are applicable only to gases having low emissivity while radiance methods 
are most applicable to gases having high emissivity. Although both cate¬ 
gories are based on the same fundamental laws, discussions in the literature 
generally apply to one or the other emissivity condition. Usually little is 
said about the relation between the two. However, it is possible to derive 

he general formulas used for discrete line spectra from continuous black- 
body radiation. 16 - 17 


Despite the importance of such knowledge, few studies of radiation meth- 
odsof temperature measurement have been made with gases in thermal 
equilibrium and with no temperature gradient in the optical path. Kaveler 

snr d r ^71 , determiI J ed Sodmm line reversaI “temperatures” in flames 
surrounded by noncolored protecting flames. However they did not com¬ 
pare these measurements with those made by standard instruments Re- 
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cently a furnace, in which equilibrium hot gases can be observed to 2000°K, 
has been constructed 19 for studying methods of gas temperature measure¬ 
ment. Studies ol this type are essential for determining the accuracy of 
“temperature” observations in flames. 


A. Intensity Distributions (Boltzmann) 

1. Theoretical Relations 

The observed intensity in emission, 1 k -k" , of a discrete spectral line 
arising from the transition between an initial energy stage, E K ., and a 
final energy stage, E K " , is proportional to the number of particles in the 
initial stage, Nk' , and to the transition probability between the two states, 
Qk'k" . For sufficiently small absorption, the total intensity* of an emission 
linef is given by 20,21 


Ik’K" — CaK'K>-V K'K"N, 



where c is a constant depending upon the optical system and the units of 
intensity; K' is the rotational quantum number of the upper state and K" } 
of the lower state; and v K > K >> is the frequency at the maximum intensity of 
the emitting line and is determined from the energy difference and Planck’s 
constant, /i, according to the equation, 


Vr'K" 




The equilibrium number of particles in the initial state, N K r , is deter¬ 
mined by the Boltzmann distribution and is given by 


Nk' = N 3 -^ exp (- E K ./kT). (3) 

N is the total number of molecules of a particular species in the optical 
path, g K - is the statistical weight of the upper state, Q is the partition func¬ 
tion, k is the Boltzmann constant, and T is the absolute temperature. 

Substitution of Eq. (3) into Eq. (1) relates the measured intensity di¬ 
rectly to the temperature. 


Ik'k" — cN aK'K"V K k'k '' exp (— Ejc’/kT) ( 4 ) 

= CAk’k' ’V*k'k" ex P ( Eic'/kT) 

* For peak intensities of completely resolved spectral lines with Doppler broaden¬ 
ing, the frequency dependence is v* (ref. 16 ). 

f A similar expression exists for absorption intensity except that the frequent} 
dependence is v K 'k" . Very few absorption temperature measurements have been 

made. 
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For experimental measurements it is convenient to use A t z> K >> for the prod¬ 
uct gK'CiK'K" and C for cN/Q. In most applications, C will depend upon 
the frequency because of changes in the instrumental response characteris¬ 
tics. However, in order to simplify the equations, the explicit dependence 
of C upon v has not been included. 

Often all quantities in Eq. (4) except C and T are known from theory 
or previous experiments. Temperature then can be measured from the rela¬ 
tive intensities of two spectral lines, indicated by the running quantum 
numbers K and L. 


r — I K . K ../1 


L'L 


t » 


— {A K 'k''/A L ' L ") (v K 'k"/vl’l") a exp [{E l > — E K ')/kT\ 


(5) 


and T = - <Er -' — _ 

In ^ - In - 4 In £2^ ’ (6) 

Il'L" A h ' L " V L ' L " 

dhe relative error, A T/T t due to errors, Ar, in measurement of the in¬ 
tensity ratio, r, is directly proportional to the temperature and inversely 

proportional to the energy difference between the upper states of the two 
lines and is given by 


kT 

AT/T = (*/D. (7) 

Equation (7) also holds for errors in the transition probabilities; r is then 

the ratio of transition probabilities. As an example, E K > — E L > — 4000 

cm is a usual energy difference in rotational spectra and ratios can be 

measured such that A r/r ^ .05. For a gas at 2000°K and k = .695 cm -1 / 
degree 


and 


AT = 35 C. 


AT/T = 0.017 

More than two lines are commonly used because the precision of in¬ 
dividual measurements generally is not high owing to overlapping of spec- 

T’ ' elf -^ sorp ti°n, and experimental difficulties of intensity meas- 
urements. Eq. (4) may be rewritten as 

In (Jk'k"/A K . K " v‘ K . K .,) = In C — E K '/kT. (8) 

ofTgrlnhof in dir< ; CtIy from the ^iprocal of the slope 

g aph of In {Ik'k”/A K ’ K '.v X 'k") versus E K > . 

Equations (1) through (8) hold for transitions between energy states 

These triT t °. electrom ^ netlc radiation from a gas in thermal equilibrium 

Sn lir r Can be Caused by chan ^ in rotation, vibration, ordet 
n configuration or a combination of these. It is possible that for a gas 
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not in equilibrium Eqs. (5) and ( 8 ) hold only for a single degree of freedom 
(e.g. rotation) of some molecular species. In that case a “temperature ” as 
given by the equation, can be determined. Caution must be exercised so 
that this “temperature” is not confused with the gas temperature. 

2 . Experimental Applications 
a. Rotation 

Rotation intensity distributions in the rotation-vibration spectra (infra¬ 
red) of CO," OH ," 3 and H 2 0 24 have been used to obtain “temperatures” in 
hot flame gases. Similarly “temperatures” have been measured from elec¬ 
tronic transitions (near infrared, visible and ultraviolet) of OH , 25 ' 26 CH , 27 ' 28 
C 2 ,“ and CN . 9 In general, high resolution spectroscopic equipment is 
needed for these measurements because the rotational lines are closely 
spaced. However, low resolving power can be used in special cases . 9 ' 30 An 
excellent summary of measured rotational “temperatures” is given by 
Benedict and Plyler ." 1 Measurements of OH emission from flame gases will 
be used to illustrate the method of intensity distributions and problems 
involved with it. 

(1) Logarithmic Plot. If a graph of the left hand side of Eq. ( 8 ) versus 
E k > is a straight line, the rotational “temperature” is obtained from the 
slope. However, this plot often is not a straight line. While a deviation from 
a straight line can be caused by a nonthermal distribution of molecules in 
the rotational states, self-absorption also may affect the measured dis¬ 
tribution. 

As an example, Fig. 1 is a plot using data of the R 2 branch of OH emission 
from an acetylene-oxygen flame. Two distinct straight lines have been 
drawn through the points. A “temperature” of 13G0°K is found from the 
lower Iv spectral lines and 4150°K from the higher Iv lines. However these 
“temperatures” are not an indication of the temperature in the flame gases 
since the change in slope of the curve is due entirely to self-absorption. 
Should a longer flame path be observed, the absorption would be increased 
and the difference in “temperatures” would be greater. 

(2) Iso-intensity. Even in cases in which self-absorption makes it im¬ 
possible to use Eq. ( 8 ), an approximate method 31 often can be used with 
advantage. For lines of the same intensity and frequency, it follows irom 
Eq. ( 6 ) that 

n t = (E k > — E L ')/k ( 9 ) 

In C Ak-k”/Al'l ") 

From a plot of intensity versus the quantum number, lines of equal intensity 
are found and the “temperature” is determined from Eq. (9). The R 2 
branch of OH is well-suited for this method because the rotational lines 
form a head near K = 9 and in hot gases lines of equal intensity are also of 
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Fig. 1. Plot of log ----versus E K - , for the R 2 branch of 0,0 bands of OH 

(*2 - V) from stoichiometric acetylene-oxygen flame. The intensities of the most 
intense lines, near K = 7, are reduced more than 50 per cent by self-absorption. 

nearly equal frequency. Using the same data as used for Fig. 1, Fig. 2 shows 
the iso-intensity “temperatures” of the first five lines. The agreement of the 
several “temperatures” is an indication of rotational equilibrium. This 
method is valid because lines of equal intensity and the same frequency 
have the same amount of self-absorption if lines shapes and widths are the 
same. Other useful modifications of the iso-intensity method which have 
been proposed 32,33 are particularly suited for some molecules. 

“Temperatures” determined from a measurement of spectral line intensi¬ 
ties must be shown to be unaffected by absorption either within the hot gas 
or by surrounding cooler gas. Several experimental methods are available 
for determining the extent of this absorption: 

(a) The absorption can be measured directly. If a continuum radiant 
energy source is used, very high resolving power is needed to measure small 
absorption by a narrow spectral line. A source giving discrete emission of 
the same molecule can be used provided that the width of lines in the 
source is narrow compared with the line width in the flame gases. 

th b P,® n T b , e y ° f absorbin g Particles can be increased by increasing 
he path length of hot gas or by using a mirror to double the path length. 

(e; For transitions involving the same lower energy state, those with the 
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Fig. 2. Intensity distribution of the /?« branch of OH as a function of the rota¬ 
tional quantum number. This data is the same as that used for Fig. 1. “Temperatures” 
corresponding to several iso-intensitv pairs are shown on the graph. 

greater transition probability will have relatively more absorption. Thus 
the more intense lines will be affected more b} r absorption. 

In reaction zones of flames, nonthermal rotational distributions have keen 
observed for OH, 26 ’ 30 CH,*'’ ‘ s and C 2. 29 Figure 3 illustrates such a non¬ 
thermal distribution of OH. Data for Fig. 3 were obtained from an acety¬ 
lene-oxygen flame at 1 atmosphere diluted with 83 per cent nitrogen. The 
calculated adiabatic temperature of this flame is approximately 2200°K. 
Single and double-path measurements give, within the experimental ac¬ 
curacy, the same effective “temperature” of about 5000°K for the higher K 
transitions. If absorption appreciably affected the measured “temperature,” 
the double-path value would be considerably higher than that obtained of 
single path. Penner 16, 36 ’ 3 ' has criticized explanations of nonthermal dis¬ 
tributions of OH on the basis of calculations on the effects of absorption 
and temperature gradients. However, if the absorption is small, the effect 
on measured temperatures will not be significant. 

One cause of a nonthermal distribution is predissociation, 38 the breaking 
off at high rotational levels in the structure of emission bands. Predissocia- 
tion has been observed in flames in CH bands at both low 28 and atmospheric 
pressure 27, iJ and in OH 40,41 at low pressure. Figure 4 shows the intensity 
distribution of OH in an acetylene-atomic oxygen flame at a pressure of 1 
mm. The rapid decrease in log I/Av' at high K and the separation of in¬ 
tensities from different spin levels has been interpreted as a predissociation 
and as showing that the number of excited OH molecules is greater than 
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Fig. 3. A logarithmic plot showing a nonthermal distribution of OH. Measure¬ 
ments were taken with a single path and with a mirror behind a flame at atmospheric 
pressure. 


the equilibrium number. 40 In addition to predissociation, there is a non¬ 
thermal distribution as indicated by the 8000°K “temperature” in the mid¬ 
dle region. Gaydon and Wolf hard 2 6 have interpreted such a distribution as 
being caused by chemiluminescence. This is not caused by self-absorption 
since the Pj and R 2 points lie on the same curve; for low K , Pi intensities 
are more than twice P 2 intensities and the Pj points would fall below the P 2 
points if there were appreciable self-absorption. 

Once self-absorption is shown to be small, another way to illustrate the 
lack of equilibrium of OH rotation in this atomic flame is by a plot of the 
intensity versus the rotational quantum number as in Fig. 5. A comparison 
of this figure with Fig. 2 shows a tendency to form a second maximum, 
which is not possible for an equilibrium distribution. This is similar to the 
non-Boltzmann distribution of OH observed in discharges 42, 43 through 
water vapor and by electron impact. 44 

(3) Maximum Intensity. A “temperature,” T m , can be determined also 
irom the line of maximum intensity (Fig. 2). “Temperature” is determined 
by setting equal to zero the result of differentiating Eq. 4 with respect to 
the rotational quantum number. 2 ’ The exact relation for T m depends upon 

tmn«* 1CU a u b [ a r Ch and band SyStem 88 wel1 88 the relative rotational 
transition probability. For the R 2 branch of the 2 S - 2 n transition of OH 


T„ = 


2 Bjhc 
k 


K 


/2 

max , 


( 10 ) 
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Fig. 4. Logarithmic plot of OH (0,0 band) rotational intensity distribution in 
an acetylene-atomic oxygen flame at a pressure of 1 mm Hg. 41 
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Fig. 5. Intensity distributions of the Q i and Qi branches of OH (0,0 band) in an 
acetylene-atomic oxygen flamed 
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where h is Planck’s constant, c is the velocity of light, /C max ' is the K' value 
for maximum intensity and B c ’ = 16.98 cm -1 (ref. 31). Although this 
method is not exact and is very insensitive, it is often useful for determining 
the order of magnitude of a '‘temperature.” For example, Fig. 2 shows that 
a maximum intensity occurs between K = 7 and K = 8, corresponding to 
a “temperature” between 2600° and 3400°K. 

This discussion of the intensity distribution methods of “temperature” 
measurement has only touched upon the experimental difficulties involved. 
Among these, the following are perhaps the more difficult. Spectroscopic 
equipment with high resolving power is needed; the hot gases must have 
negligible emissivity; and the intensity response of the detector must be 
determined. Also, in many cases transition probabilities are not well known. 
Recently it has been observed that measured rotational “temperatures” 
have varied from one vibrational transition to another 27,45 ; this has been 
interpreted as showing that in calculations of rotational transition prob¬ 
abilities the vibration-rotation interaction cannot be neglected. Because of 

these difficulties, it seems doubtful that these methods will be used outside 
the laboratory. 

b. Vibration 


Vibrational intensity distributions also can be used to determine “tem¬ 
perature.” Resolved rotational lines from different vibrational states can¬ 
not be used to determine temperature unless the rotational distribution in 
the various states follow's a Boltzmann distribution and is the same for each 
vibrational state. 33 If these conditions hold and there is no self-absorption, 
Eq. (6) or (8) can be used directly for measuring vibrational “temperatures.” 
In this case A K > K ., includes both the vibrational and rotational transition 

probabilities. This method has been applied to OH 46 and to CH 27 emission 
from flame gases. 


Figure 6 show r s a graph used to determine the vibrational “temperature” 
of OH in a hydrogen-oxygen flame. Spectral lines from a small wavelength 
interval were used so that the change of instrumental response with wave¬ 
length w’ould be negligible. These studies have been used for a comparison 
of vibrational and rotational “temperatures” in hydrogen-oxygen and 
acetylene-oxygen flames. The hot gases beyond the reaction zone appear to 

e in thermal equilibrium but the reaction zones show nonequilibrium in 
tne vibrational states. 


In pnnc lp le a vibrational “temperature” independent of rotational dis- 
lbution could be obtained by summing over all rotational lines from each 
vibrational transition and substituting the total intensities in Eq (Q) or 
(8). However this is extremely difficult in well-resolved spectra because of 
he great number of lines that must be integrated, and in low resolution 
because of the overlapping of lines from several vibrational transitions. 
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Fig. 6. A plot for the hot gases of a lean (1/1) II 2 /O 2 flame for several lines in 
vibrational levels v l = 0, 1, 2, and 3 of the OH ( 2 2 — 2 7r). 47 The vibrational “tem¬ 
perature” is determined from the slope of the graph. 



For CN 9 ' 47, 48 and C 2 49,50 ' 51 relative intensities of vibrational band heads 
have been used for “temperature” measurement. Use has been made of 
intensities of vibrational bands in iodine added to the combustible mixture 
in an internal combustion engine to determine relative “temperatures.” 02 
c. Electronic 

Very few attempts at temperature determination in flame gases have 


been made by using measured intensity distributions from various elec¬ 
tronic states. There are several reasons for this. Atomic electronic levels are 


generally so high that there are very few atoms in higher electronic states 
and thus the emission is very weak. Few electronic states of molecules have 
been observed and in addition there is need to know rotation, vibration, and 
electronic transition probabilities. Experimentally, since electronic transi¬ 
tions cover a wide spectral range, there is the added problem of determining 
the response characteristics of the detector as a function of wavelength. 

Crosswhite 53 has used a flame source to determine transition probabilities 
of atomic iron lines obtained by adding iron-carbonyl to hot flames. There 
is no reason that a similar procedure cannot be used to measure “tempera¬ 
ture” in hot flame gases. Shuler 46,54 has shown that the relative intensities 
of O 2 and OH in emission can be used to determine an electronic “tempera¬ 
ture.” This latter procedure is not very sensitive and shows mainly that O 2 
emission from flame gases is not due to some chemiluminescent phenom¬ 


enon. 
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B. Radiance Methods 

Radiance methods of temperature measurement depend upon the Planck 
distribution law and Kirchhoff’s radiation law. 

Planck s law relates the radiant energy of a black body to the wave¬ 
length, X, of the radiation and to the temperature, T, of the black body. It 
may be written as 


/(X, T) = AX 5 [exp(C 2 /X7’) _ i]~\ (n) 

7(X, T) is the observed radiant energy per unit time per unit wavelength 
interval. A is a constant which depends on the first radiation constant, 

, r 2 u ” 1,191 X 10 5 er 6 cnr> sec ‘ W- 55); on the instrument, in¬ 
cluding the area observed, the solid angle subtended, and the transmission 

and response characteristics; and on the wavelength interval used for ob¬ 
servation. Ci is the second radiation constant and is equal to ch/k = 1 438 

cm K (ref. 55). For the product XT less than 0.312 cm'K (X 8% longer 
than A fn * x ), the Wien approximation, 

/(x, T) = A X~ 5 exp (- C 2 /X T ), ( 12 ) 

is accurate to better than 1 per cent. For example, at 2000°K, Eq (12) can 

be used for wavelengths less than 1.56 microns with an accuracy better 

an per cent. The wavelength of the maximum intensity from Eq ( 11 ) 
is 1.45 microns at 2000°K. 4 K } 

bo “’ 81 ! ( W r f ates the radiant flux density emitted or absorbed by any 

X t , a P f1 1CUlaI ' temperature " ith that emitted or absorbed by a 
black-body at the same temperature and wavelength. It can be written as 


I 0 (\ Tg) . m x 

/(X, Tg) ~ = T 0) , 


(13) 


uhere / P (X, T g ) refers to the radiant energy of the gas at waveleno+h \ 
and at temperature T J(\ T\ a- ! g wavelength, X, 

^ > 1 o ■ * \E, 1 o) is the radiant energy of a blark-hnHv 
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1. Reversal Method 


I he reversal method has been used more and with more success than any 
other optical method of temperature measurement in hot gases. Although 
it is equally applicable to discrete or continuous radiation, in general, 
different experimental arrangements are used for the two cases. Consider¬ 
able literature exists on the application of this method 11, 12 ' 13,57,58 and it 
has been shown that in many eases the measured “temperature” is ap¬ 
proximately that obtained by calculation from known equilibrium concen¬ 


trations. 

Figure 7 is a diagrammatic representation of the experimental arrange¬ 
ment used for the line-reversal technique. Radiant energy from a source, 
S, of variable intensity is focused through hot gases, G, by a lens, Li , and 
radiant energy from the hot gas, plus that from the source which passes 
through the gas is focused into a spectral dispersing system, Z), by a second 
lens, L 2 . The radiant energy is observed or measured by some detecting 



Fig. 7. Experimental arrangement for the line-reversal method of measuring 
temperature. S, light source; G, hot gases; I,i and I, 2 , lenses; D, spectral dispersing 
system; and P, the detector. 


system, P, such as the eye, a photographic plate, or a photoelectric cell. 
Numerous modifications of this simplified design are possible. 

The intensity of the source is adjusted until the hot gas neither adds to 
(bright line) nor subtracts from (dark line) the observed intensity of the 
source, i.e. the intensity of the source is the same whether viewed through 
or around the hot gas. The final adjusted condition is symbolically de¬ 
scribed by 

Ps(A, Ts) [1 - «,(A, T 0 )] + /.(A, T 0 ) = 7 5 (A, T s ). (14) 

The subscript, S, refers to the comparison source and the subscript, g , to 
the hot gas. By substitution of Eqs. (11) and (13), the temperature of the 
gas can be determined from the temperature and emissivity of the com¬ 
parison source which must be found by independent determination. 

(15) 


Under conditions in which the Wien approximation is valid, Eq. (15) re 
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duces to 


T = 


1 - 




In €- 


(16) 


Eqs. (15) and (16) depend upon the assumption that the constant A is the 

same (or that the measured intensity has been suitably corrected) for the 

comparison source and for the hot gas. Differences in A can be a large source 
of error. 

There is some confusion about what kind of “temperature” the method 
of line-reversal measures. Quite often it is said to be a translational “tem- 

“temnernt ^ f "1 ^ method e0,mnonl >' a PP'ied, it is an electronic 

t ‘ n T t i G SPedeS ' S radiatir, g and whether it is related to 

translational energy will depend upon the method of excitation. Within the 

reaction zones of some flames, the “temperature” measured by this method 

£ a*- ——- “ 

* 1S P° ssible to obtain reproducible reversal “temperatures ” to 

h ah ml V g,eeS at 2500 ° K ’ the accurac y of ‘he method may not be 
gh unless proper precautions are taken with the optical path’^ 12 - 60 to 

SlpSand 6 *HT* In n additi0n *° P^lemslomie^ed with t£ 
optical path and the hot gases, there are difficulties in the measurement of 

the temperature and emissivity of the source used for comparfson Strong 
2 . Two-Path Method with Comparison Source 

plus the hot gases, /„ , and the hot gases alone, . C ° mpariSon source 

/»<*, T s , T.) = I S (X, T .) [1 - «„ ( x, r.)] + UX, Tt ). (17) 
ubstitution of Eqs. ( 11 ) and (13) for both /. and /, into Eq. (17) gives 

C 2 /\ 

! [exp 0 C 2 /\Ts ) - 1]^ ^ 


T a = 



For small XT (Wien approximation), 


T n = 


T 


0 


S 


1 + 



In 


Is + I 0 ~ I 


(19) 



280 


EXPERIMENTAL MEASUREMENTS 


It will be noticed that when I s = I B , the condition for the reversal meas¬ 
urement, Eqs. (18) and (19) reduce respectively to Eqs. (15) and (16). This 
comparison source method has been used for rapid measurement of “tem¬ 
perature” in internal combustion and rocket engines. 62 , 63 , 64 A modification 
of this method was devised and successfully used by Silverman 65 on carbon- 
monoxide and oxygen flames. His method differs slightly from the previous 
method in that the intensity of the source as seen through the hot gas is 
used (i.e., the source intensity reduced by absorption in the hot gas) rather 
than the intensity of the source plus that of the hot gas. 

3. Two-Path Method with Mirror 

A mirror placed behind the hot gases makes it possible to measure both 
the radiant energy of the hot gases directly, I 0 , and that of the hot gases 
reflected by the mirror through the hot gases, I u . The radiant energy, I M , 
as observed with the mirror in place depends upon the reflectivity, R, of 
the mirror and the absorptivity of the gas. 

I AK Tg , R) = Ig(\, Tg) {l + R (X) [l ~ *,(X, T g))\ . (20) 


Proper use of Eq. (11) with Eq. (20) gives 





It will be seen from Eq. (21) that the constant A , which depends upon the 
optical arrangement, must be known. This means that a separate measure¬ 
ment must be made using a source whose temperature is known. For \T in 
which the Wien approximation is valid, 1 in the denominator of Eq. (21) 
is negligible. 

This two path method has been used for measuring pulse jet tempera¬ 
tures by Hett and Gilstein . 66 Penner 6 ' has shown how, in particular cases, 
this method may be applied to hot gases having discrete rather than con¬ 
tinuous radiation. 

4. One Wavelength Interval Pyrometer 

This method is that of the familiar optical pyrometer used for brightness 
“temperature” measurements of solids or liquids. Temperature cannot be 
determined without knowing the emissivity of the hot gas and a separate 
calibration of the pyrometer. However, if the gas emissivity does not 
change too rapidly, the exponential effect of temperature on the radiant 
energy might make this method useful for relative measurements. “Tem¬ 
perature” is determined from Eq. (11) or (12) after calibration wit a 
source of known temperature and emissivity. The absolute radiant energy 
at the center of the sodium D lines in flame gases saturated with sodium 
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vapor has been used in jet engine exhaust gases for “temperature” de¬ 
termination. 68, 69 

The sensitivity of the method is inversely related to the wavelength and 
temperature and thus the method is more sensitive at shorter wavelengths. 
Radiant energy can be written as a product of a function of the wavelength 
and temperature, /(X, T„), and the temperature raised to the nth power. 
/(X, T 0 ) also depends upon the emissivity and the measuring instrument. 

UK T.) = /(X, T a )T 0 \ (22) 

where n is found by equating the results of differentiating Eqs. (12) and 
(22) with respect to the temperature. If the change of emissivity with tem¬ 
perature is small, n is approximately equal to C 2 /\T. At 2000°K and X = 1 
micron, n is the order of 7, whereas at 2500 A, n is 28. 

5. Two-Color Method 

The two-color method measures the radiant energy of a continuum at 
two different wavelengths. By measuring simultaneously at both wave¬ 
lengths, very rapid “temperature” measurements are possible. The method 
has been applied to gas “temperature” measurement in furnaces , 70 propel¬ 
lant powders, internal combustion engines , 72 luminous flames, 73, 74 and 
jet engines. The temperature can be written explicitly in terms of the 

measured radiant energy at the two wavelengths, 7(X x ) and /(X 2 ), by use 
ot Eqs. (11) and (13). 


T a = 


In 1 + 


-_ W/ 

A(\,) e(X 2 ) /(A,) A.V r ~ ~- 

4(x.) e(X,)7(X,)\xJ texp ('VXiT’o) - 1] 


(23) 


With the Wien approximation, Eq. (23) reduces to the simpler form 

£ 2 ( 17 X 2 — 1/Xi) 

7(X 2 ) e(X 2 ) /(X.) TxTyT- 

* 2 ) \X 2 / / 


T = 


111 


(24) 


H ™ el : ™ nditi ° ns in which the emissivity and the instrument characteris 

k i e Smeth"d " aVelength ° r the dependence upon wavelength is 
own, this method is very convenient for use. A third determination nt 

edgfonhe 2 ^V an , b 7 S n , t0 CheCk the “ pti “> about the WW- 
® he emissivity and A. Color temperatures are obtninpH w Q 

that emissivity does not change with wavelength 76 Whilp th Y 

most sensitive for a wide separation in t^^ e S£ nrohle ' " 

response characteristics of the apparatus. d deternune the 
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An adaptation of the two-color method for measurement of flame tem¬ 
peratures has been made by Wohl and his associates 77 and recently has been 
extended to internal combustion engines. 78 “Temperature” is obtained from 
the ratio of intensities of two water bands in the near infrared. This type of 
measurement actually is a measure of rotational or vibrational “ tempera¬ 
ture,” depending upon the band heads used. 

6 . Wavelength of Maximum Radiant Energy 

The position of the maximum radiant energy, A max , of the black-body 

curve (Eq. 11) determines the temperature from the Wien displacement 
law, 



ch/k 

4.9656A mnx 


(0.2898/A max ). (65) 



Eq. (25) can be obtained by differentiating Eq. (11) with respect to A. 

In order to use this method for temperature measurement, the emissivity 
and the instrument response must be known as a function of both the tem¬ 
perature and the wavelength. Moreover the peak of the black-body curve is 
relatively flat, making it difficult to obtain a precise measurement of A max . 
In hydrocarbon flame gases there are also superimposed rotation-vibration 
bands of water and carbon dioxide. However with presently available spec¬ 
troscopic equipment, it should be possible to locate the maximum with 
reasonable accuracy in some luminous flames. 

After proper corrections are made for emissivity and instrument response, 
near the intensity maximum, a 1 per cent change in the measured intensity 
corresponds to a 6 per cent change of wavelength. It should be possible to 
locate the wavelength of the intensity maximum within this one per cent 
intensity change. It can be seen from Eq. (25) that the “temperature” will 
be known to the same precision that the wavelength is known for the 
intensity maximum. For example, at 3000°K, A max is 9660A and the in¬ 
tensity decreases by 1 per cent in 600A. Therefore if A ma x is located within 
200A, the “temperature” will be known to 60°C. 

7. Total Intensity Method 

For a black body at a temperature considerably above its surroundings, 
the temperature can be obtained from the Stefan-Boltzmann law of the 
total (at all wavelengths) radiant flux density per unit solid angle, /total, 


T = ( 7tota1 ) 14 , (26) 

where a is Stefan’s constant (a = 1.804 X 10 5 erg cm 2 sec deg ) (ref. 
55). While the total radiant energy from flame gases is difficult to measure, 
it might be possible to determine the relative instrument response over a 
wide wavelength range for an effective “temperature” measurement. How- 
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ever, for most hot gases this method probably would not be useful because 
of the large change of emissivity with both temperature and wavelength. 

C. Spectral Line Width 

The width of a discrete spectral line depends, in part, upon the transla¬ 
tional velocity distribution of the emitting particles. This gives rise to the 
Doppler broadening of the line; the half-width, «*>, is given in terms of 
the gas temperature, 7 ( Iv), the wave-number of the radiant energy, v, 
and the molecular weight, M. 


a n - [ 8 (ln 2)RT/Mc~\ i '~v = (0.176)p(7 , Al/) ,/2 (10)' 6 cm“ 1 . (27) 

R is the gas constant and c is the velocity of light. It should be emphasized 

that Eq. (27) can be used only if the spectral line shape is known to be 
caused by Doppler broadening. 

At sufficiently low pressure, spectral line widths (excluding fine and 
hyperfine structure) are predominately due to Doppler broadening and a 
direct measure of the half-width can be used to obtain the temperature 
However this is a very difficult measurement because of the high resolving 
power equipment which is needed. For example, a possible OH line at 

V 7 727 cm ( 3151 A) and at a gas temperature of 2000°K would have 

a h alf-width of 0.246 cm 1 (0.0244 A). To determine the temperature to 
1 pei cent (20 C), the half width must be measured to per cent (0 00012 
A). In spite of the instrumental problems, this method has been applied to 
temperature” measurements of hot gases 28 


Summary and Conclusions 

Iu 7 !T’! have bcen a ‘ al 'ge number of “temperature” determinations in 
fvaWf ab ° Ve 1500 K ' While these measurements have been 

tha?meth TT Par,S ° U PU ?° SeS ’ 11 is strik mg>y elear from the literature 
that methods have not yet been developed which give practical measure¬ 
ments of temperature. Probably this is caused more by temperature 

gradients and nonequilibrium in the hot gases than by the methods of 
“temperature” measurement. metnods ot 

Of the various methods applied to high temperature gases the line 
reversal method has been the most precise and accural How'ever there 

r t ?v^s 0 ults am68 and flame — in -thTaLti: 

accurately related to thermodynamic tempo JurefTnd t^S^n« 
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Temperature Scale. There still remain questions concerning the accuracy 
ot these temperature measurements under conditions better controlled than 
in flame gases. In even the best controlled flames, there are temperature 
and concentration gradients, and uncertainties concerning temperature, 
concentrations, optical path, and equilibrium. 


References 

1. Bennett, J. G., and Pirani, M.,./. Inst. Fuel, 12, Si (1930). 

2. Wolfe, II. 0., this volume, p. 7. 

3. Shuler, K. E., and Broida, H. 1\, ./. ('hew. Phys., 20, 1383 (1952). 

4. Gaydon, A. G., and Wolfhard, H. G., “Flames, Their Structure, Radiation and 

Temperature,” p. 23, Chapman and Hall, London, 1953. 

5. Allen, H. S., and Maxwell, It. S., “A Textbook of Heat I, p. 514, Macmillan and 

Co., Ltd., London, 1939. 

6. Dieke, G. H., this volume, p. 20. 

7. ‘Temperature, Its Measurement and Control in Science and Industry,” Reinhold 

Publishing Corp., New York, 1941. 

8. “Symposium on Gas Temperature Measurements,” J. Inst. Fuel, 12, S1-S108 

(March 1939). 

9. Smit, J. A., “Production and Measurement of Constant High Temperatures,” 

Chap. 2, Thesis, University of Utrehct (1954). 

10. Freeze, P. D., “Bibliography on the Measurement of Gas Temperature,” NBS 

Circ. 513 (1951). 

11. Lewis, B., and von Elbe, G., “Combustion, Flames and Explosions of Gases,” 

pp. 678 and 765, Academic Press, Inc., New York, 1951. 

12. Gaydon, A. G., and Wolfhard, H. G., “Flames, Their Structure, Radiation and 

Temperature, Chaps. 10-12, Chapman and Hall, London, 1953. 

13. Penner, S. S., Am. J. Phys., 17, 422, 491 (1949). 

14. Brickwedde, F. G., this volume, p. 395. 

15. Morgan, F. H., and Danforth, W. E., J. Appl. Phys., 21, 112 (1950). 

16. Penner, S. S., J. Chew. Soc., 20, 507 (1952). 

17. Finkelnburg, W., J. Opt. Soc. Am., 39, 185 (1949). 

18. Kaveler, H. II., and Lewis, B., Chem. Revs., 21, 421 (1937). 

19. Arnold, It. D., Unpublished NBS Rept. (1954). 

20. Llerzberg, G., “Molecular Spectra and Molecular Structure,” 2nd ed., p. 200, 

D. Van Nostrand Co., 1950. 

21. Johnson, R. C., “An Introduction to Molecular Spectra,” p. 147, Methuen and 

Co., Ltd., London, 1949. 

22. Plyler, E. K., Benedict, W. S., and Silverman, S., J. Chem. Phys., 20, 175 (1952). 

23. Benedict, W. S., Plyler, E. K., and Humphreys, C. J., J. Chem. Phys., 21, 398 

(1953). 

24. Benedict, W. S., and Plyler, E. K., “Symposium on Energy Transfer in Hot 

Gases (1951),” NBS Circ. 723 (1954). 

25. Broida, H. P., and Lalos, G. T., J. Chem. Phys., 20, 1466 (1952). 

26. Gaj’don, A. G., and Wolfhard, H. G., Proc. Roy. Soc. London, A194, 169 (1948). 

27. Broida, H. P., J. Chem. Phys., 21, 340 (1953). 

28. Gaydon, A. G., and Wolfhard, H. G., Proc. Roy. Soc. London, 199, 89 (1949). 

29. Gaydon, A. G., and Wolfhard, H. G., Proc. Roy. Soc. London, 201, 561 (1950). 

30. Smit-Miessen, M. M., and Spier, J. L., Physica, 9, 193 (1942). 



TEMPERATURE MEASUREMENTS IN FLAMES AND HOT GASES 285 


31. Dieke, G. H., and Crosswhite, H. M., “The Ultra-violet Bands of OH,” Bumble 

bee Series Rept. No. 87 Bur. Ord. USN (1948). 

32. Knauss, H. P., and McCav, M. S., Phys. Rev., 52, 1143 (1937). 

33. Shuler, K. E., J. Chon. Phys., 18, 1460 (1950). 

34. Oldenherg, O., and Rieke, F. F., ./. Chem. Phys., 6, 169 (1938); 7, 4S5 (1939). 

35. Kane, W. R., and Broida, H. P., J. Chem. Phys., 21,347 (1953). 

36. Penner, S. S., J. Chem. Phys., 21, 31 (1953). 

37. Penner, S. S., “Selected Cumbustion Problems,” p. 144, AGARD, Butterworth 

Scientific Publications, I ondon (1954). 

38. Herzberg, G., “Molecular Spectra and Molecular Structure,” 2nd ed., p. 420 

D. Van Nostrand Co., 1950. 


39. 


Lionaon 


40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 


53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 


62. 

63. 

64. 

65. 

66 . 

67. 

68 . 
69. 


Durie, R. A., Proc. Phys. Soc. London, A65, 125 (1952); Proc. Roy. Soc. 

211,210 (1952). 

Gaydon, A. G., and Wolfhard, H. G., Proc. Roy. Soc. London, 208, 63 (1951). 
Ferguson, R. E., and Broida, H. P., p.754, in “Fifth Symposium (Interna¬ 
tional) on Combustion,” Reinhold Publishing Corp., New York 1955 
Lyman, E. R., Phys. Rev., 53, 379 (1938). 

Broida, H. P., and Kane, W. R., Phys. Rev., 89, 1053 (1953). 

Horie, T., and Otsuka, M., J. Phys. Soc. Japan, 219 (1954). 

Bass, A. M., and Broida, H. P. f J. Chem. Phys., 21, 173 (1953). 

Shuler, IC. E., and Broida, H. P., J. Chem. Phys., 20, 168, 1383 (1952). 

Ornstein, L. S., and Brinkman, H., Proc. Amsterdam, 34, 33 (1931). 

Thomas, N., Gaydon, A. G., and Brewer, L., J. Chem. Phys., 20, 369 (1952). 
Johnson, R. C., and Tawde, N. R., Proc. Roy. Soc. London, A137, 575 (1932). 

1 atel, J. M., “Spectral Intensity Measurements in Some Flames,” Thesis Uni¬ 
versity of Bombay (1947). 

Pillow, M. E., Mem. soc. roy. sci. Lihge, 13, 145 (1953). 

q 11 ™' S '- K '’ V T yehara > °* A > Winans > J- G., and Myers, P. S., p. 412, 
m Fifth Symposium (International) on Combustion,” Reinhold Publishing 
t^orp., New York, 1955. b 

Crosswhite, H. M., (< Spectrochim. Acta,” 4, 122 (1950). 

Shuler, K. E., J . Chem. Phys., 19 , 888 (1951). 

W^hTrd H r' M ',,"p d ?° he "’ E - R > ReV ' Mod ' Ph V>-> 691 (1953). 

Van W v ” Parker - W ' G - Proc Ph ’JS- s °'-. B62, 523 (1949). 

Ribald G r WY a HP Ti f e,e "' V Bu,L S0C ' 6S. 235 (1954). 

Gaydon' Vp "nH w'Z 1,' J ' /nS/ Fuel - 12 - S18 (March 1939). 

Barrett 1> Puh* ■ PP'T' i H ’ G '’ PrOC ' Roy ' Soc ■ London, A205, 118 (1951). 

’ d direction inds. aeronaut. (France), Notes tech. No. SS 
UJWJ ;, Lompt. lend. acad. so., Parrs, 226, 396 (1948) 

Phis’ H 22 M ,069 n n9 B 511 d ^-- hV ° pt - S0C ■ Amtr -’ 39 - 393 (1949); J. A PP ,. 
The Williams & Willis Co'^rZoZZZT C ° mbuStion ’’ Pa P e - 

"fli“ JerS ' P - S > and G ' A.. Trane. Am. Soc. Meet, En 0 rs„ 69 . 

Cn^T^' and Priem ' R ’ 3 > J■ A"‘. Rocket Sue., 23, 248 (1953) 

Silverman, S.', jTpkSoc'. W* 3^275 0949,' ^ ^ ^ 173 (1951 >' 

jw. f: »■ - <«*»• 



286 


EX PERIMEN T A L ME A S U RE MEN TS 


70. Ilottel, H. C., and Broughton, F. P., Ind. Eng. ('hem., Anal, ed., 4, 166 (1932). 

71. Kracek, F. C., and Benedict, W. S., OSRD Rept. No. 3291 (1944). 

72. Uyehara, 0. A., Myers, P. S., Watson, K. M., and Wilson, L. A., Trans ASME 

68, 17 (1946). 

73. Bossier, F., Z. angew Phys., 2, 161 (1950). 

74. Plyler, E. K., and Humphreys, C. J., J. Research XBS, 47, 456 (1951). 

75. Heidmann, M. F., and Priem, R. J., NACA Tech. Note 3033 (1953). 

76. Naeser, G.,./. Inst. Fuel, 12, S38 (March 1939). 

77. Bernath, L., Powell, H. N., Robison, A. G., Wetty, F., and Wohl, K., “Heat- 

Transfer Discussions,” London (1951). 

78. Agnew, W. G., Agnew, J. T., and Wark, K., p. 766, in “Fifth Symposium (In¬ 

ternational) on Combustion,” Reinhold Publishing Corp., New York, 1955. 



18 . 


TEMPERATURE MEASUREMENT 
IN ENGINEERING 

Harold J. Hoge* 

Leeds & Northrup Company 

Introduction 

When a problem in temperature measurement arises, the first step for 
the engineer is to attempt to solve it by the use of some well-developed 
standard method, using commercially available equipment. Often there 
are several suitable methods. The problem then becomes one of comparing 
the merits and demerits of the various acceptable methods and selecting 
the one that is judged best for the particular application. The available 
“standard methods” are described in the first part of this paper. 

A second category of methods or devices has been set off from the first 
because the temperature information that they give is of a rather special 
nature The pyrometric cone and the pellet of specified melting point are 
examples. The third and last section of the paper deals with the problems 
of temperature measurement in steel making. It has been chosen as an 
example to illustrate the great differences in technique that often exist 
between laboratory and industrial temperature measurements. 

number of instrument companies have contributed material that has 
been incorporated into this paper. The writer has found this material very 
helpful, and would like to point out that instrument companies maintain 

ureme e nt nn | h ‘ h ' ghly ‘ mined in the field of temperature meas¬ 
urement. Submission of a temperature-measuring problem to one or more 

of these engineering staffs is more often than not the best way to its solution. 
Characteristics to Be Considered 

niketure That SrT?" " tem P f eratur e-measuring system, one should 

... (I) .(2, .tahiUl, <3 

(5) r b„ (6) ■ t “ d " 

% h are the most 8 enera lly important characteristics. The system 
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selected should have the necessary accuracy, but unneeded accuracy and 
sensitivity should be avoided because they are almost certain to increase 
costs, both initial and maintenance. In some cases one must consider 
reproducibility , for example in the agreement of the emf of one lot of 
thermocouple wire with another. Sometimes linearity of output (signal 
proportional to change in temperature) is important; in other applications 
it will not matter. Some methods are adaptable to automatic recording or 
control ; others are not. One must be sure that he stays within the tempera¬ 
ture range of usability of the method selected. At least a passing thought 
should be given to case of reading , to simplicity , and to safety. 

In addition to the above characteristics there are in special cases still 
others to be considered. Often these characteristics depend both on the 
primary element (thermocouple, resistance-thermometer coil, etc.) and on 
the associated measuring equipment. In such cases we will emphasize the 
role of the primary element but attempt to include a limited amount of 
information on the associated equipment. 

Well-developed or “Standard” Methods 

lable 1 is a list of the commonly used methods or systems of tempera¬ 
ture measurement. An attempt has been made to arrange them in order 
of decreasing abundance. This arrangement is based on the “educated 
guesses” of a number of individuals associated with three different instru¬ 
ment companies. Its reliability is not high, but it will give a rough idea at 
least of the relative importance of the various methods. In arranging the 
list, the total number of installations in the United States today was con¬ 
sidered, regardless of whether the installations were directly related to 
engineering. Table 1 is intended to include all the general methods or sys¬ 
tems of temperature measurement for which equipment can be readily 
purchased. 

Thermometers are generally classified on the basis of the physical princi¬ 
ple on which measurement is based. This was the original basis for the 
formulation of Table 1. However, it was decided to go a step further, and 
in some cases to divide the instruments based on a certain physical principle 
into separate groups when there were large differences in the nature or com¬ 
plexity of the apparatus. For example, the thermocouple used with a milli- 
voltmeter is a very different type of apparatus from the thermocouple used 
with a potentiometer, particularly if the potentiometer is of the self¬ 
balancing and self-standardizing type. Also, it was considered desirable in 
a few cases to lump together certain instruments in which the physical 
principles involved are not identical. For example, the optical pyrometer 
may operate on either the single-color or the two-color principle, do one 
who has seen examples of the equipment listed in Table I, each catcgoiy 
should call to mind a fairly definite picture of a type or class of instrument. 



TABLE 2. SUMMARY OF INFORMATION REGARDING COMMERCIALLY AVAILABLE TEMPERATURE-MEASURING INSTRUMENTS OR SYSTEMS 
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Table 1. Well-Developed, or “Standard” Methods of Temperature 

Measurement 

Arranged in estimated decreasing order of total number of installations in the 

United Slates 

1. Glass-stem thermometer (liquid-in-glass) 

2. Vapor-pressure thermometer 

3. Bimetal thermometer 

4. Liquid-filled thermometer 

5. Gas-filled thermometer 

6. Thermocouple and millivoltmeter 

7. Thermocouple and potentiometer 

8. Resistance thermometer, without null balancing 

9. Resistance thermometer, with null balancing 

10. Radiation pyrometer 

11. Optical p 3 f rometer 

Another much larger table (Table 2) has been prepared, which gives a 

good deal of the most important information about all of the methods of 

temperature measurement listed in Table 1 and about a few additional 

methods. 1 able 2 is intended for ready reference, and for those who wish 

to compare various methods without taking the time to read the entire 
paper. 


Glass-stem Thermometers 

These are the most familiar of all thermometers. The mercury or other 
.quid fills the glass (sometimes metal) bulb and extends into the capillary 
bore of the glass stem. Rising temperature causes both the glass and the 
mercury to expand, and since the volume expansion of mercury is more 

° f glaSS ’ the me ' CUry rises in the capillary. The volume 

volume ^ a ” r u y - m ' glass thermometer is about 6000 times the 
vo ume of the capillary between any two marks 1°C apart Hence if the 

bulb volume changes by a part in 6000 an error of one degrce will result 

•mod ( r °,T ry , t0 make th<3 bU,b ° f a g00d thermometer from a glass of 
? ood stability characteristics and to make the capillary from a glass that 

is easier to work. Corning normal and Kimble R6 are suitable bulb glasses 

I^no Se t fT glass and pr0per agin S annealing are the most 
port a nt factors in obtaining accuracy and stability Uniformitv of 

capillary bore is desirable, but does not affect accuracy if the therm Y + 
is calibrated at a sufficient number of points Y the ~cter 

P otat7-38 O’c'or'tg ntf ^ ^ ^ " USed fr ° m ite “dting 

thermometer indicates 112 “F), a yte < p^sure a^ove^he cohimrunust 
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be greater than 23 atmospheres, which is the approximate vapor pressure of 

^ . . i , 11 ^ ^ of mercury vapor will 

form in the bulb. The gas filling serves another useful purpose, which is to 

retard evaporation of mercury from the top of the column. 

Alcohol, toluene, and pentane are also used as expanding liquids, gener¬ 
ally with a coloring agent added to make the column visible. All three can 
be used at temperatures far below the freezing point of mercury. Some 
pentane thermometers can be used down to — 196°C ( —321°F). This is 
veil below the freezing point of n-pentane, so presumably impurities, other 

isomers, or supercooling play a part in permitting such a low temperature 
to be reached. 

Ihe outstanding advantages oi liquid-in-glass thermometers are low 
cost, good reliability, simplicity, and long life. They are not particularly 
easy to read because ot the necessarily small cross-section of the capillary 
and rather short scale length. Numerous devices to overcome this defect 
have been perfected, some of which are quite effective. A strip of brightly 
colored pigment can be imbedded in the capillary tubing in such a way that 
it is hardly visible in the section above the mercury, but appears as a 
brightly colored strip in the section of the column where mercury is present. 
1 he tubing may be made with such a cross section as to act as a cylindrical 
lens that magnifies the diameter of the liquid column. Proper design also 
minimizes the amount of reflected light that can reach the observer’s eye 
from the walls of the unfilled portion of the capillary. The chief source of 
failure is accidental breakage. Industrial types have a metal housing to 
protect them, and the bulb fits into a metal well or socket. The well or 
socket has no effect on the accuracy of the thermometer itself. However, a 
well or socket used with any type of thermometer reduces the speed of re¬ 
sponse and increases the danger of insufficient immersion. 

Liquid-in-glass thermometers are subject to separation of the liquid 
column into two or more parts. This generally occurs in shipment or as a 
result of rough handling. The columns can be reunited by proper manipu¬ 
lation. When the maximum accuracy of measurement is required of liquid- 
in-glass thermometers, it is necessary to make emergent-stem corrections, 
and to avoid heating the thermometer far above the temperature being 
measured. Even the best glass is not perfectly elastic, and w r hen heated and 
cooled does not return to its former volume immediately. A thermometer 
raised 100°C and cooled to the original temperature will read about 0.1°C 
low. After a few days the reading will return to normal. For a thorough 
discussion of these and many other characteristics of liquid-in-glass ther¬ 
mometers, the paper of Johanna Busse 1 should be consulted. The Standard 
Specifications for ASTM Thermometers 2 contain general information on 
the checking of thermometers together with a great many detailed specifica¬ 
tions. 
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Courtesy The Foiboro Company 

Fig. 1 . A filled-system recording thermometer with bulb attached 

Filled Systems 


lhe filled systems comprise vapor-pressure thermometers, gas-filled ther¬ 
mometers, and liquid-filled thermometers, having positions > 4 and o 
respectively in the list of standard methods. They are discussed together 
because they have many similarities in construction, operation, and ap¬ 
pearance. A typical thermometer of this type, arranged to record the tem¬ 
perature on a circular chart, is shown in Fig. 1. Figure 2 shows a nonrecord- 
mg model with bidbs removed. This particular instrument is really two 
thermometers m one. It has two pointers and two independent mechanisms 
W‘th fittings for the attachment of two bulbs. The Scientific Apparatus 
Maheis Association has classified filled-system thermometers as follows • 
C ass I liquid filled; Class II, vapor pressure; Class III, gas filled- and 
C ass V, mercury filled. There is no Class IV. Class V is l fpecial case of 
Class 1 , set apart because mercury is a particularly important filling liquid 

... sama •«**<"■« i« 
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Courtesy Taylor Instrument Companies 

I 1 1 («. 2. Case of a filled-system thermometer with cover removed, showing two 
bourdon tubes and two pointers. This is really two thermometers in one. Bulbs arc 
attached to the two fittings at the bottom of the case. 


1 he typical til led-system thermometer consists of a bulb, a connecting 
capillary, and a bourdon tube or other mechanism which responds to change 
in pressure or volume of the filling fluid. A vapor-pressure thermometer 
operates on the principle that when a liquid and its vapor are in equilibrium, 
the pressure depends only on the temperature. The bulb of a vapor-pressure 
thermometer must always contain both liquid and vapor, and the capillary 
and bourdon tube (or its equivalent) must contain only liquid or vapor but 
not both. The pressure within the system is determined by the temperature 
of the liquid-vapor interface. If there are two such interfaces the system 
will be unstable. No inert gas is present in the system with the pure filling 
material. 

Vapor pressure is not a linear function of temperature. The scales oi 
vapor pressure thermometers are likely to be crowded at the low tempera¬ 
ture end and very open at the high temperature end. A ten-degree span 
at the upper end of the range may occupy three or four times the scale 
length of a ten-degree span at the lower end. This may be considered a dis¬ 
advantage or an advantage, depending on the scale position where most 
of the readings are to be made. Sometimes a special mechanical linkage is 
used (Bristol Company) that gives a linear scale by compensating mechani¬ 
cally for the nonlinearity of pressure as a function of temperature. 

The indications of a vapor-pressure thermometer are independent ot the 
temperature of the capillary so long as it contains only one phase (either 
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liquid or gas). However, hydrostatic pressure differences between the bulb 
and the bourdon tube must be taken into account . The hydrostatic pressure 
of a vapor column can be neglected, but. if the capillary contains liquid, it 
is important to determine the difference in level between bulb and bourdon 
tube, and to purchase an instrument calibrated to allow for this difference. 

Vapor-pressure liquids must be stable over the range of use and should 
be fairly inexpensive to obtain in a pure state. A large number of different 
liquids are used, primarily to obtain different temperature ranges. Ethyl 
ether, for example, would be suitable for use from about 50°C (122°F) to 
just below its critical point, 194°C (381°F). At the lower temperature its 
vapor pressure is slightly above atmospheric. At the critical point the 
distinction between liquid and vapor disappears. If a vapor-pressure ther¬ 
mometer were to be used through and above the critical point the scale 
would have a peculiar irregularity that- would be strongly influenced by the 
total amount of fluid in the system. Temperatures as low as 20°K ( —427°F) 

and as high as G00°F (316°C) are measured with commercial vapor-pressure 
thermometers. 

% 

If the range of a vapor-pressure thermometer extends both above and 
below ambient temperature, it is possible to obtain the cross-ambient effect. 
While this effect is occurring the indications of the thermometer are unre¬ 


liable. When the bulb is below ambient temperature, the capillary and 
bourdon tube are normally filled with vapor. When the bulb goes above 
room temperature this situation is unstable and the capillary and bourdon 
must fill with liquid. This requires evaporation, condensation, and heat 
flow and may take several minutes. The temperature indicated by a vapor- 
pressure thermometer is always that- of the coldest point in the entire system 
where two phases (liquid and vapor) are present, unless the picture is com¬ 
plicated by pressure drops associated with flow of material along the capil¬ 
lary. Sometimes the cross-ambient effect is avoided by “dual” filling. In 
this the capillary and detecting mechanism are filled with an inert liquid 
of negligible vapor pressure. This second liquid transmits the pressure 
exerted by the thermometric fluid, which is confined to the bulb proper. 
One method of keeping the active fluid out of the capillary is to keep its 
end always submerged in the inert liquid. 

The gas-filled thermometer is likely to have a larger bulb than a vapor- 
pressure thermometer, perhaps 3 to (i cubic inches in volume as compared 
v ith 0.5 to I cubic inch for a vapor-pressure thermometer. It is used where 
the cross-ambient effect must be avoided or where a linear scale is desired 
Accordmg to the ideal gas law, the pressure exerted by a gas confined in a 
constant volume is proportional to the absolute temperature. Actual gases 
are very nearly ideal and therefore make good thermometric fluids. As the 
temperature of the bulb of a gas thermometer increases, the pressure of the 
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gas rises and the bourdon tube deflects. The scale of the instrument indi¬ 
cates the temperature directly. Two unwanted changes take place as the 
temperature rises. First, thermal expansion and increased pressure slightly 
increase the bulb volume. Second, the increased pressure causes more gas to 
flow into the capillary and bourdon tube. The first effect is of no great 
consequence because it merely results in a slightly modified calibration of 
the scale of the instrument. The same would be true of the second effect, if 
the capillary and bourdon tube always remained at some fixed tempera¬ 
ture. Generally their temperature varies, however. On a cold day more gas 
will flow into the capillary and bourdon tube than on a warm day even 
though the temperature of the bulb does not change. This is the principal 
reason for using a large bulb, because with a large bulb the variations 
that take place in the capillary are less important. 

The gas-filled thermometer is not subject to errors due to differences in 
height of bulb and mechanism, because the hydrostatic pressure of a 
column of gas is negligible in engineering applications. Gas-filled thermome¬ 
ters are available with ranges extending as low as 4°K ( —452°F) and as 
high as 1000°F (538°C). The upper limit is fixed by the difficulty of finding 
bulb materials that will confine the gas without gradual loss by diffusion 
of gas through the bulb walls. Nitrogen and helium are the common filling 
gases. A typical filling pressure for nitrogen is 400 psig at ambient tem¬ 
perature, increasing to perhaps 530 psig at maximum temperature. 

The response of a liquid-filled thermometer occurs because of the change 
in volume of the liquid resulting from thermal expansion. In this respect it 
differs from the gas-filled and vapor-pressure thermometers, both of 
which respond as a result of pressure change. The change in liquid volume 
is most often registered by a bourdon tube. Pressure changes do occur but 
these are incidental rather than fundamental. To see that this is the case, 
consider two liquid-filled thermometers otherwise identical but having 
bourdon tubes of different stiffness. When registering the same temperature 
the pressures inside the two thermometers will be different. 

The bulb, capillary, and bourdon or other detecting system must be com¬ 
pletely filled with liquid, without any gas pockets. Otherwise the gas will 
be compressed when the liquid expands, and the mechanism will deflect 
less than it should. This completely-filled condition is sometimes referred 
to as “solidly-filled” or even as “solid liquid-filled.” Both these terms 
appear to be unfortunate. A solid is one of the three phases of matter, and 
the word “solid” should not be used to modify one of the other phases. 

Mercury, xylene and many other organic liquids, and even water can be 
used as filling liquids. All give reasonably linear scales. The liquid must be 
stable and nonreactive at all bulb temperatures to be encountered. Also 
the pressure inside the system must always be greater than the vapoi pies- 
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Courtesy Brown Instruments Division, Minneapolis-HoneyweU 

Fig. 3. Bulbs for filled-system thermometers. Suitable for any type of filling, ex¬ 
cept that the “averaging type” shown at the bottom can under some conditions give 
erratic readings if used as a vapor-pressure thermometer. 


sure of the liquid. Otherwise, bubbles of vapor will form in the liquid and 
the bourdon tube will deflect much too rapidly. Temperature ranges ex¬ 
tending as low as -125°F (-87°C) and as high as 1200°F (649°C) are 
available. 


A liquid-filled thermometer is not much affected by differences in height 
between bulb and bourdon. A column of liquid may make a considerable 
difference in the pressure at the bourdon without changing its deflection 
appreciably. This is because liquids are very nearly incompressible at pres¬ 
sures ordinarily encountered. The volume of the system and hence the 
deflection of the bourdon gage is therefore determined by the temperature 
of the liquid and not by its pressure. The bulb of a liquid-filled thermometer 
is likely to be about the same size as a vapor-pressure thermometer bulb. 
Both are likely to be smaller than the bulb of the gas-filled thermometer, 
r igure 3 shows several different types of bulbs. 

The problem of the effect of changes in ambient temperature on the read¬ 
ings of filled thermometers is one that requires careful attention. Some 
consideration must also be given to the effect of changes in barometric 

pressure. Both the capillary and the bourdon tube or other responding 
mechanism may contribute errors. 


In the vapor-pressure thermometer we have seen that there is no ambient 

IrST error 80 lon S 35 the “cross-ambient” effect is avoided. In the 

thTh n! , herm ? met l er , there ,s such an error > which reduced by making 
ulb large. In the liquid-filled thermometer there is also an error, be- 



296 


EX PERI MEN T A L ME A S V RE MEN TS 


cause the liquid in the capillary expands as ambient temperature rises. 
This causes an undesired change in volume and an error in the indicated 
temperature. Two alternative methods are used to compensate for this 
error. In one system a duplicate capillary with no bulb is employed. This 
capillary lies beside the main capillary and is subject to the same tempera¬ 
ture changes. It connects to a separate bourdon tube that acts in opposition 
to the main bourdon. By mechanically combining the outputs of the two 
bourdon tubes, the changes taking place in the dummy capillary are made 
to compensate tor the changes taking place in the main capillary. 

The second method of capillary compensation is to use a special type of 
capillary with a core (Taylor accuratus\ Weston ambinul). The core may be 
made of invar and the capillary of stainless steel. Thermal expansion causes 
the stainless steel to expand more than the invar, so the volume of the space 
between the core and the tube increases as the temperature rises. By proper 
choice of diameters, the cubical expansion coefficient of this volume may 
be made just equal to the expansion coefficient of the mercury or other 
liquid that fills it. A capillary so constructed will always contain the same 
mass of liquid per unit length and will be accurately temperature-com¬ 
pensated. 

"The duplicate-capillary compensating scheme does not work well with a 
gas-filled thermometer. In the liquid-filled thermometer, both capillaries 
contain substantially equal quantities of liquid. This is not true in the gas- 
filled thermometer, because as the bulb temperature rises, more gas is 
forced into the main capillary while the quantity in the dummy capillary 
remains constant. Hence, the dummy capillary and bourdon tube do not 
function as exact duplicates of the main system and the compensation is not 
exact. 

The cored-capillary would in principle give correct compensation for a 
gas-filled thermometer, but in practice an exceedingly small difference 
between the diameter of the core and the bore of the capillary would be re¬ 
quired, because of the large thermal expansion coefficient of the gas. 
Therefore, the cored capillary is used only with liquids. 

The fluid in the bourdon tube will contribute errors in the same way as 


the fluid in the capillary. Where the compensating system includes a dummy 
bourdon tube these errors are taken care of. If the compensating system 


is a cored capillary, the bourdon tube requires separate compensation. I his 
is often supplied by a bimetal strip connected so as to oppose the motion of 
the bourdon. As ambient temperature rises, the deflection of the bourdon 
tube tends to be too large, but this is compensated by the greater force 
exerted by the bimetal strip. Changes in ambient temperature have anothei 
effect, which can affect all three types of filled systems. This is the change 
in elastic constants of the bourdon tube with temperature. Compensation 



TEMPERATURE MEASUREMENT IN ENGINEERING 


297 


for change in elastic constants can be accomplished with the same bimetal 
strip or spiral that is used to compensate for the expansion of the fluid in the 
bourdon. 

Changes in barometric pressure will affect the deflection of a bourdon tube 
slightly, and may cause significant errors in the case of vapor-pressure and 
gas-filled thermometers but rarety in the case of liquid-filled thermometers. 
The simplest way to reduce such errors is to arrange conditions so that the 
pressure inside the system is always fairly high, at least in the temperature 
range where accurate readings are required. Temperature changes will 
then produce fairly large pressure changes, in comparison with which the 
effect of barometric pressure changes will be small. 

Filled-system thermometers are in general somewhat slower in responding 
to a change in temperature than, for example, the thermocouple. The gas- 
filled thermometer, because it has the largest bulb, is likely to have the 
longest response time of the three types. The Taylor Instrument Companies 
have overcome this drawback by use of a system that responds both to the 
actual (average) bulb temperature and also to the rate at which the bulb 
temperature is changing. 4 This causes the detecting mechanism to deflect 
much more rapidly than it would otherwise do. The accelerating unit, called 
“speed-act,” can be adjusted to compensate for different amounts of lag, as 
the application may demand. 


One way of avoiding long capillaries, and the consequent rather ex¬ 
pensive compensation and possible slow response, is to use a relatively short 
capillary terminating at a small diaphragm chamber. Such a system is 
shown in Fig. 4. It is called a force balance because the force due to gas 
pressure is balanced by a spring (not shown) on the opposite side of the dia¬ 
phragm. Increase in pressure causes the diaphragm to move, slightly 
compressing the spring. The motion is amplified by a system of levers, and 
used to regulate another pressure produced by a compressed air supply. 
This regulated pressure is proportional to the pressure in the thermometer 



T?r« j i) ii . . Courtesy Taylor Inatrument Companies 

aDhraom u ^ endin 8 in a diaphragm chamber. Motion of the di- 

P gm is transmitted to a force balance (not shown). 
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but is not in general equal to it. The regulated pressure can be measured by 

a bourdon gage or other means, and the gage may be calibrated to read 
temperature directly. 

Any of the filled systems may be used to actuate recording pens directly 
thus forming simple and inexpensive recorders. The power available to 
mo\ e the pen is smallest in the gas-filled thermometer. A thermometer of 
this type should therelore not be used as a very narrow-range instrument, 
because a small change in gas pressure would then be required to move the 
pen the full length of the scale. 

Bimetal Thermometers 

The differential linear expansion of solids may be used to indicate tem¬ 
perature. Thermometers operating on this principle and usable at tem¬ 
peratures as low as -100°F (-73°C) and as high as 1000°F (538°C) are 
available. The differential linear expansion generally involves two thin flat 
strips of metal placed side by side and welded together to form a thicker 
strip. The composite strip is then generally coiled into a spiral or a helix 
with one metal on the inside and the other on the outside with respect to the 
axis of the coil. Change in temperature causes the curvature of the strip 
to change, so that it uncoils or coils more tightly. The motion thus produced 
is used to actuate a pointer. The strains set up by temperature changes 
must not exceed the elastic limit of the metal; otherwise the thermometer 
will be unstable. This imposes certain limits on the dimensions of the 
bimetal strips. Obviously a long, very thin strip can undergo more change 
in shape than s short thick one. 

Many different bimetals are used, but the preference at present 5 is for 
invar (64Fe36Ni) or an invar-type alloy as the low-expanding metal and a 
nickel-chromium-iron alloy as the high-expanding metal. In German prac¬ 
tice 6 the high-expanding metal is an iron alloy with 20 per cent nickel and 
6 per cent manganese. The desirable properties of ordinary invar begin to 
fail at about 350°F (177°C), but by increasing the nickel content to 50 per 
cent, satisfactory scale linearity may be obtained up to 800° or 1000°F 
(427° or 538°C). 

Figure 5 shows two types of bimetal thermometers. These thermometers 
are competitive with liquid-in-glass thermometers in many applications. As 
compared with the latter, they are less subject to breakage and are easier to 
read. They do not require an emergent stem correction and they avoid 
troubles associated with separation of the liquid column. They are likeh 
to be more expensive than liquid-in-glass thermometers, however, and 
they may require recalibration if roughly handled. They are to be preferred 
to mercury-in-glass thermometers in many commercial ovens, where bieak- 
age might fill the atmosphere with poisonous mercury fumes. 
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Courtesy IVeslon Electrical Instrument Corporation 

Fig. 5. Two types of bimetal thermometers 

Bimetallic elements can be made sufficiently sturdy to actuate a record¬ 
ing pen. Many small thermographs have a bimetal temperature-sensitive 
element. A bimetal recording thermometer driven by clockwork has been 
developed by the Bristol Company. The entire unit travels through bread- 
ovens with the bread to record the baking temperature. 

Thermocouples 

The thermocouple is perhaps the simplest of all primary elements. It is 
widely used in all temperature ranges except the very highest (above 
3000°F; 1650°C). The power derivable from it to actuate the galvanometer 
or other sensitive device is quite small as compared to that derivable from, 
for example, the various filled thermometers. This drawback has been 
overcome to a great extent by the development of millivoltmeters and 
galvanometers of great sensitivity and high accuracy. An ordinary thermo- 

° f tW0 dissimilar wires > f or example, iron and constantan 
(57Cu43Ni). One end of the iron wire is welded to one end of the constantan 
wire to form a junction between dissimilar metals. This is the measuring 
junction, often called the “hot” junction, since in the great majority of ap- 
P nations the temperature to be measured is above ambient temperature. 
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The remaining ends of the thermocouple wires are connected to the measur¬ 
ing instrument or system, in such a way that the two thermocouple wires 
form part of a closed path in which an electric current can flow. There will 
he a second junction between the iron wire and the (presumably) copper 
wiring of the instrument, and a third junction between the constantan wire 
and the copper part of the circuit. There may even be more junctions, for 
example, between the copper wires and a manganin slidewire. According 
to the laws of thermoelectricity, small electromotive forces are generated in 
such a circuit. These emf’s originate both at the junctions and also wherever 
a temperature gradient or change exists between one part of a wire and 
another. The monograph Thermoelectric Thermometry 1 by Paul H. Dike 
contains a thorough discussion of these laws. A full explanation will not 
be attempted here. We may summarize the information needed for under¬ 
standing thermocouples as follows: 

(1) If each section of wire in the circuit is homogeneous; that is, if there 
is no change in composition or physical properties along its length, then the 
emf in the circuit depends only on the nature of the metals and the tem¬ 
peratures of the junctions. 

(2) If both of the junctions involving a particular homogeneous metal 
are at the same temperature, this metal makes no net contribution to the 
emf. Thus, if the complete circuit consists of iron, constantan, and copper, 
but both of the junctions involving copper are at the same temperature, we 
can consider the circuit as if it consisted entirely of iron and constantan, 


with only two junctions. 

(3) If all junctions of the circuit except one are held at constant tem¬ 
perature, the emf in the circuit will be a function of the temperature of the 
remaining junction, and can be used to measure that temperature. It is 
customary to prepare tables giving this emf as a function of temperature for 
the case where the reference junction (or junctions) are held at 0°C (32 F)^ 

Some of the implications of the statements above will now be considered 
more fully. In accordance with statement (1), the emf developed in a ther¬ 
mocouple circuit is independent of the length and diameter ot the viics. 
This is a substantial advantage for thermocouples, as compared with re¬ 
sistance thermometers. Next, consider a situation where one of the wires 
in a thermocouple circuit passes into a hotter (or cooler) region and out 
again. A thermal emf is developed in the portion of the wire where the 
temperature rises and another in the portion where it falls. It the viie is 
homogeneous these two emfs are equal and opposite, and by statement (1) 
there is no net contribution to the emf in the circuit. If the wire is not 
homogeneous, the reading of the thermocouple will be in error. Most ther¬ 
mocouple wire is adequately homogeneous for industrial and engineering 
use, at least when new. For laboratory applications requiring high ac¬ 
curacy, nonuniformity sometimes causes trouble. 
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MILLIVOLTMETER 



CONSTANTAN 



b 

Fig. 6. (a) A simple thermocouple-millivoltmeter circuit; (b) a still simpler cir¬ 
cuit to which circuit (a) can be reduced. ' 

A very simple thermocouple-millivoltmeter circuit is shown in Fig. 6a. 
It consists of an iron and a constantan wire welded together to form a 
measuring junction. The remaining ends of the two wires are attached to 
the millivoltmeter by means of brass binding posts. Within the meter is a 
moving coil rigidly attached to the pointer. This is connected to the brass 
binding posts through a series resistance that raises the total resistance 
of the millivoltmeter to perhaps 500 ohms. We will assume that all of the 
circuit within the millivoltmeter is of copper, with the exception of the 
brass binding posts and possibly some soldered connections. Statement (2) 
above tells us that the brass binding posts will not contribute to the emf in 
the circuit provided the junction between constantan (or iron) and brass 
is at the same temperature as the adjacent junction between brass and 
copper. Likewise the soldered junctions can be eliminated from considera¬ 
tion provided the conducting paths thru solder are short. This leaves us with 
a three-metal circuit: iron, constantan, and copper. If now the two binding 
posts are at the same temperature, statement (2) shows that the copper 
branch makes no net contribution to the emf. Hence, the emfs developed 
are the same as they would be in the simple loop of Fig. 6b with the refer- 
ence junction having the temperature of the two brass binding posts. The 
deflection of the millivoltmeter depends both on the temperature of the 
measuring junction and on the temperature of the reference junction 
( rnding posts). The variable reference-junction temperature is of course a 
disadvantage. Whenever a fixed reference-junction temperature is re- 
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quired, the standard laboratory procedure is to insert lengths of copper 
wire between the binding posts and the iron and the eonstantan and to 
immerse the iron-copper and constantan-eopper junctions in an ice bath. 
The reference junction temperature is then that of the ice bath (0°C). 

The industrial thermocouple-and-millivoltmeter system is often com¬ 
pensated for the effect of changes in reference-junction temperature by 
means of a bimetal strip, which shifts the zero of the instrument. The re¬ 
sistance of the meter also changes with temperature and is often com¬ 
pensated by use of a thermistor in the circuit. The resistance change of a 
thermistor, being opposite to that of a metal, may be used to keep the total 
circuit resistance constant. The same millivolt meter may contain two bi¬ 
metal strips, but only one of these is normally used for compensation. 
The other is used only when the zero of the instrument is manually checked. 
Figure 7 shows an industrial millivoltmeter for use with thermocouples. 

The millivoltmeter is basically a current-measuring instrument. Hence, 
by Ohm’s law its deflection depends both on the total resistance of the 
circuit in which it is connected and on the total emf existing in the circuit. 
To determine temperatures we would like to determine the emf inde¬ 
pendently of the resistance of the circuit. 

We can agree to always use a thermocouple of a definite resistance, say 
10 ohms at 25°C. The total circuit resistance will then always be equal to 
the resistance of the millivoltmeter plus 10 ohms and the deflection of the 



Courtesy Wkeeleo Instruments Division, Barber-Cclman Company 

Fig. 7. An industrial millivoltmeter for use with thermocouples, with case re¬ 
moved. Automatic reference-junction compensation is provided by the b.meta. 
spiral attached to the top of the axis carrying the pointer. 
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Fig. 8. Potentiometer circuit showing automatic reference-junction compensation 
for thermocouples. 

millivoltmeter will be independent of thermocouple resistance. Replacing 
the thermocouple with another of different resistance will introduce an error, 
which will be less in importance the higher the resistance of the millivolt- 
meter. 

For many installations in which sufficient accuracy is not easily achieved 
by the millivoltmeter method, a themiocouple-and-potenliomeler circuit is 
used. It will be assumed that, the reader is familiar with the basic principle 
of the potentiometer. However, the operation of a potentiometer circuit 
including automatic reference junction compensation will be briefly de¬ 
scribed. Automatic reference junction compensation is almost universally 
employed in industrial potentiometers and is of great importance. 

The circuit shown in Fig. 8 is commonly used. The main potentiometer 

current 7 splits between two parallel branches. One branch consists of two 

“end” coils A and B and a slidewire. The other branch consists of the coils 

Ni and S. All the resistors in the potentiometer are of manganin except the 

one labeled Ni. This coil is of nickel, or partly of nickel and partly of copper, 

and it is the temperature variation of this resistor that gives the compensa¬ 
tion. 

An automatic current-standardizing mechanism (also very widely used in 
industrial potentiometers) adjusts the resistance# from time to time so that, 
the potential drop across the resistance S is maintained at a value equal to 

ffu mf Ar° f the sUlldard celL If the temperature (and hence the resistance) 
o the Ni coil rises, the potential drop across it increases. If we take the 
potential of the point P as a reference value, the potential of the point Q 
is lowered by this temperature change. Certain readjustments in potential 
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also take place in the branch consisting of A, B, and the slidewire, but be¬ 
cause these resistors are of manganin, the lowering of the average potential 
of the slidewire is small compared with the lowering of the point Q. 

The operation of the compensator can now be understood. Let us suppose 
the entire circuit in balance, with the measuring junction M at a tempera- 
ture of, say, 1000°F. Now suppose the reference junctions JJ change from 
00° to 70°F. This results in a fall in the total emf to be measured and the 
setting of the slidewire contact would tend to move toward a temperature 
below 1000°F (to the left). However, the resistor Ni is in close thermal con- 
tact with the reference junctions, and its temperature also increases from 
()0° to 70°F. As we have seen, this results in a downward displacement of 
the potential of the point Q relative to the average potential of the slidewire. 
If the resistor and its temperature coefficient are so adjusted that the drop 
in potential across it increases by the proper amount, the contact on the 
slidewire will not move and the instrument will continue to indicate 1000°F. 
To a very good approximation the displacement of the potential of the 
point Q is equal to the decrease in emf of the thermocouple caused by the 
rise in reference-junction temperature. 

I he Foxboro Dynalog circuit, which will measure thermocouple emf’s 
or other DC voltages, is entirely different from the conventional potentiom¬ 
eter circuit. I he principle involved is to charge two capacitors, one from 
the unknown voltage and the other from a standard cell, adjusting one of 
the capacitors until the charges become equal. The charging and discharg¬ 
ing are controlled by a vibrator switch driven by GO-cycle AC. The drain 
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Courtesy Leeds and Xorthrup Company 

Fig. 9. Industrial self-balancing, indicating, and controlling potentiometer. 
Thermocouple attachment schematic. 
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Fig. 10. Exploded view of an industrial thermocouple 


on the standard cell is so small (less than 0.1 microampere) that it has no 
adverse effect. 

Figure 9 shows an industrial thermocouple-potentiometer system. The 
indicating potentiometer is self-balancing, and has automatic standardiza¬ 
tion and automatic reference-junction compensation. The actual circuit 
is somewhat more complicated than that shown in Fig. 8. For example, the 
galvanometers shown in the figure are replaced by a single electronic de¬ 
tecting device, with switches to transfer it to either of the two galvanometer 
positions. 

Figure 10 is an exploded view of an industrial-type thermocouple, with 
part of the protecting tube cut away to show the sensitive element. 


Thermocouple Materials 

The commonest thermocouples are chromel/alumel, iron/constantan 
copper/constantan, and platinum/platinum-rhodium. These and many 
others are described at some length in Dike’s monograph/ The emphasis 

ere will be on the relative merits of the common thermocouples for various 
temperature ranges and applications. 

Copper/constantan is very satisfactory for room-temperature work and 
down to a temperature of 20° or 30°IC (-424° or -406°F). It can be em- 

ct,n e e h P t0 ?T? 60 u F (350 ° C) at which temperature oxidation of the 
copper begins to be troublesome. 

It ^l?^ ntan ‘f ‘I 16 m ° St Widely Used “ illdust, 'y of a » thermocouples. 

gives a higherW at a given temperature than any of the other common 

up U S U00°F ST eXPe “ iVe - “ Can be used in 0 « d i™g atmospheres 

S'ncritt 6 COUPle , eXhib, ; t f P °° r -Ptoducibility P above about lOOO^F 
). is commonly used for temperatures down to 32°F (0°C) and can 
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be used at lower temperatures, but copper/constantan is more commonly 
employed at lower temperatures. 

Chromel/alumel couples can be used to considerably higher temperatures 
than iron/constantan provided they are not subjected to reducing atmos¬ 
pheres, which cause their emf’s to drift. In oxidizing atmospheres they will 
last for long periods at 2000°F (1093°C) and they can be used for spot 
readings up to 2400°F (1316°C). 

Platinum/platinum-rhodium (OOPtlORh) is used chiefly at high tem¬ 
peratures where chromel/alumel will not serve. Its thermal emf (the volt¬ 
age generated by a given difference between the measuring-junction and 
reference-junction temperatures) is low; only a fourth or a fifth of that of 
the other common couples at the same temperature. This situation becomes 
worse at low temperatures. At - 100°C (-148°F) the thermoelectric power 
becomes zero. Hence, the platinum/platinum-rhodium thermocouple is not 
used below about 0°C. The couple deteriorates rapidly at high temperatures 
in reducing atmospheres, or in the presence of any reducing agent such as 
organic matter or oil. The emf of a couple held at a constant temperature of 
about 2500°F (1371°C) or higher will gradually fall, presumably because 
of selective evaporation of metal from the wires of the couple. For readings 
of short duration, the couple can be used clear up to the melting point of 
platinum, 321<>°F (1769°C). 

Among other thermocouples sometimes used are antimony/bismuth 
(very high thermoelectric power, 122 microvolts per degree C); chro- 
mel/constantan; chromel/white gold; chromel/stainlesssteel; nickel/nickel- 
molybdenum; molybdenum/tungsten (for molten steel); graphite/silicon 
carbide (for molten steel); tungsten/graphite; tungsten/iridium (for high 
temperatures); tungsten/tantalum carbide; and iridium/iridium-rhodium. 
Most semiconductors have very high thermoelectric powers against metals. 

Thermocouple wires usually are unsuitable for use as long leads from 
measuring junction to reference junction because of large size, inadequate 
insulation, or cost. Extension leads may be used, preferably of the same 
alloys, as the thermocouple wires to which they are connected, but often of 
smaller size, and adequately insulated. In the case of platinum/plat inum- 
rhodium couples, however, in the interest of economy, extension leads are 
made of copper and a copper-nickel alloy. In the usual range of reference 
junction temperatures the combined effect of the two extension wires is 
such as to give no net contribution to the emf in the thermocouple circuit. 

Resistance Thermometers (Including Thermistors) 

The resistance thermometer is displacing the thermocouple in ceitain 
types of industrial applications. It is inherently capable of measurements 
of higher accuracy than the thermocouple, and often it can achieve equal 
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accuracy with less expensive measuring equipment. By careful design the 
speed of response has been made almost equal to that of the thermocouple. 
The primary element itself, however, is likely to be more expensive than a 
thermocouple. 

Resistance thermometers for engineering use generally employ platinum, 
copper, or nickel elements. Alternatively the sensitive element may be 
a thermistor (semiconductor). The electrical resistance of the sensitive 
element changes with temperature. A measurement of resistance permits the 
temperature to be computed; or, the scale of resistance in the measuring 
instrument may be marked off directly in degrees of temperature. The best 
laboratory thermometers are strain free, that is, the only strains in the 
sensitive element are those due to its own weight. Industrial thermometers 
must be more rugged. Figure 11 shows two laboratory resistance ther¬ 
mometers (top) and two industrial types (bottom). 
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The resistance is generally measured with a Wheatstone bridge or an 
equivalent AC bridge circuit. In the lower priced systems, the arms of the 
bridge remain fixed. The bridge is in balance for one particular thermometer 
resistance. At other resistances the bridge is unbalanced and the detector 
(milliammeter) deflects. The deflection depends on the amount of un¬ 
balance of course, but in addition it is proportional to the voltage applied 
across the bridge. Hence, this voltage must be held constant, or some sort 
of compensation, either automatic or manual, must be employed. The 
“crossed-coil” compensating scheme employs two coils attached rigidly to 
the pointer of the milliammeter. One coil has the usual purpose of causing 
the meter to deflect whenever a current passes thru it. The second coil pro¬ 
vides a restoring torque that tends to hold the pointer in its zero position, a 
function that is ordinarily performed by a hairspring. The second coil is 
energized by the same battery that supplies the bridge. If the battery volt¬ 
age changes, both the deflecting torque and the restoring torque change 
equally and the position of the pointer is unaffected. In manual compensa¬ 
tion for supply voltage change, a coil of known resistance is substituted 
for the thermometer. The total bridge current is then adjusted until the 
appropriate deflection (full scale) is obtained. 

The Weston Electrical Instrument Corporation achieves independence 
of supply voltage changes in a different way. Figure 12 shows the indicator 
of an aircraft thermometer, and below it a diagram of the pole pieces and 
moving coils. The core in the air gap is displaced upward from the center, 
so that the space between the core and the pole pieces is narrow at the top 
of the diagram and wider at the bottom. The circuit, which is only schemati¬ 
cally indicated in the figure, bears some resemblance toa Wheatstone bridge. 
The position of the pointer does not correspond to zero current in a detector 
branch, however, but to a balance between equal and opposite torques. 
There are two rigidly connected coils, each with one edge near the axis of 
rotation and one edge near a pole piece. When the resistance thermometer 
X and the comparison resistor R are equal, the two moving coils carry 
equal currents and generate equal and opposite torques. When one resistor 
is larger, the coil associated with it carries a smaller current. The system 
then rotates so that the weaker current comes into a narrower gap where 
the magnetic field is stronger and the stronger current comes into a wider 
gap where the magnetic field is weaker. The torques exerted by the two 
coils are again equal and the pointer remains stationary. The position of the 
pointer is thus made to depend on the ratio of X to R and not on the magni¬ 
tude of the applied voltage. 

Where high accuracy is required, the fixed-arm bridge is replaced by a 
bridge having one or more adjustable arms. Such a bridge can be balanced 
so that no current flows in the detector branch. The condition of balance 
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Fig. 12. Top, oil-temperature indicator of an aircraft thermometer. Bottom 
schematic diagram of indicator. 


does not depend on the voltage applied across the bridge (provided the 
voltage does not overheat any bridge arm), and therefore with a balanced 
bridge the voltage does not require accurate control. The adjustable arms 
of industrial bridges are either slidewires or variable air capacitors. Motion 
of the slider on the slidewire transfers resistance from one arm of the bridge 
to an adjacent arm. Figure 13a shows a bridge having one slidewire An 
analysis of this network shows that the position of the slider required at 
balance does not change linearly as the resistance of the thermometer in- 
creases. Sometimes the characteristics of the thermometer are so modified 

™, r0) by , Series an d shunt pads of manganin that for certain applica- 

tantage" n ° Illlneanty ° f the resistance change is actually turned to ad- 

Shm™ t ee F t nh°T thrU rr th0d 0f ° btainins a linear resistance ■«*> is 

ppose the thermometer resistance increases by 2 ohms. To Restore 

spondlnE^U)^^hn^ 0 ,? labl * "'ili move up a distlnee cor- 

P ding to 2 ohms. Simultaneously the contact on slidewire B, which is 
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Fig. 13. Three bridge circuits used in resistance thermometry. The small circles 
represent binding posts for the attachment of three-lead thermometers. 

mechanically coupled to the other contact, will move up a distance corre¬ 
sponding to 1 ohm. The use of two slidewires maintains equality between 
the two upper arms of the bridge and also between the two lower arms, at 
all times. A slidewire contact must always be placed at a corner of a bridge, 
never directly in a bridge arm, if errors due to contact resistance are to be 
avoided. 

The resistance-thermometer circuit shown in Fig. 13c is used by the 
Foxboro Company. Capacitors are used for two arms of this bridge. Bridge 
balance is accomplished by adjusting one of these capacitors. The voltage 
applied to the bridge is 1000 cycle AC and the detector is electronic. The 
use of a capacitor as the adjustable element gives continuous variation, as 
compared with a large number of discrete steps on the conventional slide- 
wire. It also avoids contact-resistance troubles. The resistors A' and A" are 
used for zero-point adjustment and the resistor S for adjusting the range. 

The resistance thermometer has no reference junction to require com- 
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peiisation and thus has an advantage over the thermocouple. It can be used 
with AC, requiring no batteries or standard cell. However, these advantages 
are partially offset by the necessity of adjusting the resistance of a ther¬ 
mometer to some specified value at a reference temperature, generally the 
ice point. The emf of a thermocouple is of course independent of the size 
or length of the wires composing it. The effect of the leads of a resistance 
thermometer cannot be neglected. Compensation for variation in lead 
resistance is generally provided, either partial or complete. In industrial 
practice, this is almost always done by using a three-lead thermometer. 
Referring to Fig. 13b, the leads have been labeled A, B , and C. The leads A 
and B must be made of the same diameter, length, and kind of wire so that 
they will have equal resistances. Actually, all three leads are made alike and 
lie side by side in the same cable. The end of the lead cable of a three-lead 
thermometer is shown at the bottom of Fig. 11. The leads A and B, being 
side by side, should have the same temperature and should remain equal in 
resistance at all times. One lead is present in each of the two adjacent equal 
bridge arms, and so long as the leads remain equal in resistance they have 
no effect on the indication of the instrument. If the bridge arms do not 
remain equal as the resistance of the thermometer changes, as is the case 
in the circuit of Fig. 13a, the compensation can be exact only at one re¬ 
sistance, even though the thermometer leads remain equal in resistance. 
The compensation is poor if the bridge deviates widely from the equal-arm 

type, but is fairly good if the percentage deviations from the equal-arm 
condition are small. 


A still more accurate method of eliminating lead resistances is employed 
in the Mueller bridge, which is a laboratory instrument of high precision.' 
The thermometers employed with this bridge have four leads instead of 
three. Potentiometers eliminate the effect of lead resistance, but they are 
not much used with resistance thermometers in industry because they cost 
more than bridges. The writer has recently proposed still another method 8 
of eliminating the effects of lead resistance. 


The industrial platinum resistance thermometer can be used at all 
temperatures between about -300°F (-184°C) and 1800°F (538°C). Some¬ 
times it is recommended for use at temperatures up to 3000°F (1649°C) 

k 1D ^ nStanCeS at Ieast U has not been satisfactorily stable above 

Its t* greateit usefulness lie " bel - SS 

ilnf 250 F c °PP er thermometers are cheaper than 

tbermometers - Nickel is used from — 300°F f— 184°CI un tn 
600 F (316°C). Nickel has a higher specific resistance than cojper^ £J$ 

resttaT 6 ? 116 f w “ 6aSier t0 “ ake a thermom eter of reLnably high 
resistance from it. However, nickel is more difficult to obtain in a pure state. 
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Platinum is generally preferred to either nickel or copper for measurements 
of high accuracy. 

The outstanding chracteristic of the thermistor is its very rapid change 
of resistance with temperature. This gives a thermistor resistance ther¬ 
mometer a higher sensitivity than other types. The resistance decreases 
with increasing temperature, which is opposite to the behavior of metals, 
and the temperature dependence is exponential rather than nearly linear. 
The stability is apt to be poor as compared with metal thermometers, but 
certain types enclosed in glass or otherwise hermetically sealed are much 
more stable than unsealed types. 

Recently a resistance thermometer having a tungsten element 9 has ap¬ 
peared on the market (General Electric Company). This thermometer is 
subjected to high temperatures in order to adjust its temperature coefficient 
to the desired value. It has been tested at temperatures up to 300°C (612°F) 
and can probably be used at considerably higher temperatures. 

Radiation Pyrometers 

There are many different modifications of the radiation pyrometer. All 
types are sensitive to the electromagnetic radiation (infrared, visible light, 
ultraviolet) emitted by the hot body whose temperature is desired. They are 
very rapid in response and they need only to “look” at the hot object, with¬ 
out any physical contact with it. All employ optical systems to limit or 
focus the radiation from a definite solid angle so that it falls on the sensitive 
element. Generally, this sensitive element responds to the temperature rise 
produced by the radiation. This detector may be either a thermopile, a thin 
thermistor flake, or a blackened metallic resistance. Sometimes the sensitive 
element is mounted inside an evacuated glass tube. Another type of de¬ 
tector, less used, depends on the photoelectric effect. Either a blocking 
layer (photovoltaic) cell, a photoconductive (PbS) cell, or a photoemissive 
cell or pair of cells may be used. Figure 14 shows a schematic diagram of a 
radiation pyrometer and also a photograph of the actual instrument. 

Several sources of error must be carefully watched for if accurate meas¬ 
urements are to be made with a radiation pyrometer. The monograph 
“Temperature Measurements with Rayotubes” by Paul H. Dike 10 and the 
paper “Low Temperature Radiation Pyrometry in Industry” by Mouzon 
and Dyer 11 should be consulted for more detailed information than can be 
presented here. Temperatures measured with a radiation pyrometer are 
subject to error if the source is not a black-body, if the optical system gets 
dirty and absorbs too much radiation, or if part of the radiant energy is 
absorbed before it reaches the instrument. Any window placed in the path of 
the radiation will cause the instrument to read low. Smoke or dust has the 
same effect. Gases such as C0 2 , S0 2 , and water vapor also cause low 
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readings because they absorb infrared radiation. Hence, although they are 
invisible to the human ej r e they are not “invisible” to the radiation pyrom¬ 
eter. Because a large proportion of the total energy falling on a radiation 
pyrometer is in the infrared, the lenses and windows of the optical system 
cannot be made of ordinary optical glass but must be made of fused quartz, 
calcium fluoride, or some other substance that transmits as much as possible 
of the desired radiation. By using concave mirrors instead of lenses, all 
transmission problems except one can be avoided. It is still necessary to 
have one thin window to admit radiation to the instrument and keep out 
dirt. 

The amount of radiation falling on the detector must depend only on the 
temperature of the hot body and not on its size or distance from the pyrom¬ 
eter. This condition requires that the solid angle subtended at the instru¬ 
ment be larger than a certain minimum. Often there is provision for the 
operator to look at the image of the source, to see if it covers the necessary 
area inside the instrument. 

The temperature rise of the detector is not large. For example, the output 
of the pyrometer illustrated in Fig. 14 is generally about 20 millivolts at the 
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highest temperature in its range. With an 8-junction thermopile giving GO 
microvolts per degree-junction, the hot junctions are actually about 40°C 
(7G°F) above the reference junctions when the pyrometer output is maxi¬ 
mum. The reference junctions of a thermopile-type radiation pyrometer 
are in thermal contact with a massive member, whose temperature is 
substantially equal to that of the housing. Sometimes the housing is water- 
cooled but generally it is allowed to assume a temperature determined by 
its surroundings. In the Leeds & Northrup “Rayotube” (Fig. 14), the 
junctions are attached to a thin blackened receiver disk of low heat capac¬ 
ity. On exposure to radiation the disk and junctions respond very rapidly so 
that within perhaps seven seconds a steady state has substantially been 
reached. 

In the steady state, heat is lost by the receiver at the same rate that it 
is received. Conduction along the thermopile wires, conduction and con¬ 
vection in the surrounding gas, and radiation all contribute to the heat 
losses, but conduction in the thermopile wires is by far the most important. 
The thermopile wires, if of chromel and constantan, have a thermal con¬ 
ductivity that increases with increasing temperature. Taking all factors 
into account, including change in thermoelectric power of the pile, the result 
is that the indication of an uncompensated radiation pyrometer decreases 
as ambient temperature increases. Compensation for this effect can be 
supplied in various ways. The pyrometer illustrated in Fig. 14 is compen¬ 
sated by means of the thermal conductivity of nickel wire. 12 This wire has 
a temperature coefficient of thermal conductivity opposite to that of the 
thermopile wires. By cementing the nickel wire to the reciver disk and to 
the ring carrying the reference junctions, an additional path for heat flow 
is provided. By proper choice of the length and cross section of the nickel 
wire, the output of the pyrometer (in millivolts) is made independent of 
ambient temperature. 

In the Brown Instrument “Radiamatic” pyrometer, compensation is 
also secured with nickel wire, but by utilizing electrical, rather than thermal, 
conductivity. In this instrument there is no receiver disk and the individual 
hot junctions do not touch each other. A thermal shunt would therefoie 
be inapplicable. Compensation is secured by electrically connecting a nickel 
coil across the output terminals of the thermopile. Ihe same firm also 
makes a radiation pyrometer with a thermostated housing that eliminates 
ambient temperature fluctuations. This instrument can be used to measure 
temperatures down to room temperature and even below. 

The unthermostated radiation pyrometer works most satisfactorily when 
measuring temperatures from 600°F (316°C) upward, although it can be 
used at considerably lower temperatures. There is no practical upper limit 
to the temperatures that can be measured, provided the cone of radiation 
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from the source is stopped down sufficiently so that the receiver is not 
overheated. 

The output of a radiation pyrometer is measured with a potentiometer 
or a millivoltmeter with a scale graduated directly in temperature. The 
signal is large enough to actuate an automatic recording or controlling 
instrument. This gives it a decided advantage over the optical pyrometer, 
which cannot function in the absence of a human eye. 

The type of radiation pyrometer employing a blocking-layer photocell 
is very rapid in response. Its output increases very rapidly with the tempera¬ 
ture being measured and at high temperature is quite large. The cell re¬ 
quires protection from high ambient temperatures. A discussion of its 
advantages and disadvantages is included in a paper by Larsen and Shenk. 13 


Optical Pyrometers 

The principle of the optical pyrometer is the matching of the brightness 
of the radiation from two sources, using the human eye as the detector. 
In the great majority of instruments, the match is made in a narrow wave¬ 
length band in the red part of the spectrum, using a filter between the 
observer’s eye and both sources. The filter absorbs all radiation of wave¬ 
lengths shorter than about 0.63 micron. The use of a filter has several ad¬ 
vantages, the most important being that it permits a good photometric 
match to be obtained, even by an observer with faulty color vision. Limita¬ 
tion of the observed light to a narrow band of wavelengths also permits a 
more reliable extension of the range of the instrument to higher tempera¬ 
tures with the aid of absorbing screens and the application of Planck’s 
law. 

A low-power telescope of adjustable focus forms an image of the source 
whose temperature is desired. The filament of the standard source is placed 
m the same plane as this image so that the filament appears superposed 
on the unknown source when both are viewed through the eyepiece of 
the te escope In an alternative arrangement the lamp filament is not viewed 

finerno S H “T? ates a, \ ell , lptlcal apert ure. An image of this aperture is 
uperposed on the image of the unknown source so that the two may be 
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In order to obtain a photometric match between unknown and standard 
ouice, either of two different methods may be employed. The first method 
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Fig. 15. Top, “Pyro” optical pyrometer. Bottom, another type of optical py¬ 
rometer. 

indicates the temperature. The current in the standard lamp is held at some 
value predetermined by the instrument maker. The second method of 
securing a photometric match is to vary the brightness of the standard 
lamp, until its brightness is equal to the brightness of the image of the un¬ 
known source. Either the current through the standard lamp, the voltage 
drop across it, or the resistance of its filament is then measured, the instru¬ 
ment shown at the bottom in Fig. 15 contains a standard cell, which permits 
the lamp current to be measured potentiometrically. this principle ol 
measurement results in higher accuracy than has been obtained by other 
methods. The scale of the instrument indicates the temperature correspond¬ 
ing to the measured current. 

The range of the optical pyrometer is from about 1400°F (7G0°C) upward. 
Below this temperature there is insufficient emission of visible light, for 
satisfactory measurements. In instruments where the standard-source 
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brightness is increased to match the unknown source, the images become 
too bright for accurate comparison at about 2400°F (1316°C). A fixed 
absorber must then be interposed to cut down the intensity of the light 
from the source to a satisfactory level, giving an instrument with a low and 
a high range. The ranges generally overlap by 300°F or thereabouts. 

The optical pyrometer is subject to the same sort of errors as the radia¬ 
tion pyrometer but generally to a somewhat lesser degree. One needs to 
worry only about the light in the narrow red band in which the photometric 
match is made. Interposition of any sort of window between source and 
instrument cannot be tolerated unless the instrument is recalibrated under 
the new conditions. Most objects, particularly metals, are not black 
bodies. Emissivities of polished or molten metals may be as low as 0.1, 
and values lower than 0.5 are the rule rather than the exception. This 
means that the brightness of the radiation is much less than that from a 
blackbody at the same temperature. When a liquid-steel surface is observed, 
an optical pyrometer is likely to read about 100°C (180°F) too low, but if 
slag or foreign substance is floating on the metal the error will be smaller. 

Tables of emissivities are available, but there is a procedure which can 
often be used to avoid the need for an emissivity correction. This is to make 
a cavity or partial enclosure that is heated to the temperature to be meas¬ 
ured. Regardless of the emissivity of the walls of the enclosure, the effect 
of multiple reflections inside the cavity is to make the energy radiated from 
the opening much more nearly “black” than the energy radiated from a 
flat outer wall of the enclosure. 


A color pyrometer operates on a different principle from those described 
above. Whereas those we have been considering utilize only a band of red 
wavelengths of light, a color pyrometer utilizes at least two color bands, 
and may utilize all the visible spectrum. The reason for using more than 
one color is to eliminate, at least partially, the need for emissivity correc- 
tions As the temperature of a body increases, the energy radiated in the 
red band increases, and this is the only property utilized in single-color 
optical pyrometers. However, the energy radiated in the green band also 
increases, and at a different rate from the energy in the red band. If the ratio 
of the two energies can be found, it will serve to determine the temperature, 
and if the emissivity of the body being observed is the same for red as for 
green, no emissivity correction will be required. 

ev J|“ USe f 6 h V man 7 e com Pl icates the picture somewhat, because the 

ever f P ° ndS 7 0 0r and bnghtness rather than directly to energy. How- 

eye knVfrorihi 6 uf-'^ a COl ° r and a bri 6 htn ^ match with the 

eye and from them to obtain the color temperature of a body The color 

temperature will be the true temperature if the body is “gray” that Is « 

its emissivity ,s mdependent of wavelength in the spectral re Jkn mvolvkd 
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The Naeser color pyrometer 14 employs a reference source consisting of 
an illuminated field of constant color and brightness. The radiation from 
the unknown source passes through two adjustable filters, each carrying a 
scale graduated in degrees of temperature. One filter transmits red and 
green bands, but in varying proportions as the filter is adjusted. The other 
filter is neutral and attenuates all wavelengths in the same proportion. 
The colors transmitted are complementary, so that when combined in a 
certain proportion they appear as white. If the temperature of the unknown 
source increases, the proportion of green radiation increases relative to 
red, and the source appears green relative to the reference field. A white 
color is restored by adjusting the red-green filter. If the source is the same 
color as the reference field, but brighter, equal brightness is restored by 
adjusting the neutral filter. The scale carried by the neutral filter indicates 
the temperature of the unknown body assuming its emissivity to be unity, 
and the scale of the red-green filter indicates the color temperature, which 
for a gray body is equal to its true temperature. 

Methods That Indicate A Single Temperature Only 

The methods or instruments described in this section do not give con¬ 
tinuous, day-to-day readings of temperature over a temperature range. 
Several of them are nonetheless widely used because they fill certain needs 
that cannot be met with other types of instruments. 

Pyrometric cones are small, slender pyramids of triangular cross-sections 
supported in a leaning position. When subjected to high temperature they 
soften and deform, the upper end of the pyramid curling over to form an 
arc before the tip touches the supporting surface. They are made of clay 
and certain additives and are set in clay bases with their axes inclined 8° 
from the vertical (ASTM specification). When a pyrometric cone is heated 
at a definite rate (say 36°F = 20°C per hour) it “goes down”; i.e., its tip 
touches the base, at a definite temperature. If the heating rate is more rapid, 
the cone goes down at a somewhat higher temperature. Hence, the cone 
does not measure temperature unless the heating rate is specified. There is 
now a complete series of 61 cones numbered from 022, which has an end 
point of 585°C (1085°F) at 20°C per hour; to 42, which has an end point 
of 2015°C (3659°F) when heated at 600°C per hour. 

Cones are much used in the ceramic industries. Cones of various numbers 
can be placed at several different points within a kiln and observed from 
time to time during the firing of the pottery, bricks, or other ceramic ma¬ 
terial. As the softer cones go down the kiln can be checked for uniformity 
of temperature. The progress of firing in ceramic articles depends both on 
temperature and on duration of exposure in somewhat the same way as 
the end point of a pyrometric cone. Thus, firing until a certain cone goes 
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down ma 3 r sometimes be more satisfactory than firing to a given tempera¬ 
ture. 

The temperature indications of cones are unreliable if they are used in 
reducing atmospheres or are exposed to S0 2 . Additional information on 
pyrometric cones is given by Bole. 15 

As an alternative to pyrometric cones, cylindrical rods or bars of ceramic 
material 22 may be used (Holdcroft bars). These bars are supported at their 
ends, with axes horizontal. As the temperature is raised, they soften and 
sag at the middle under the influence of gravity. This deformation serves 
as a measure of temperature in the same way at the deformation of a pyro¬ 
metric cone. 

Still another group of ceramic temperature-indicators operate not on the 
principle of plastic deformation, but on the principle of progressive shrink¬ 
age of certain materials as they are subjected to higher and higher tempera¬ 
tures. Watkins’ disks and Buller’s rings operate on this principle (reference 
22, p. 178 ff). After removal from the furnace, the diameter of a hole in the 
test specimen is measured. The shrinkage of the hole serves as a measure of 
the combined effect of temperature reached and duration of exposure. 

The melting points of paints , crayons , and pellets are often used for temper¬ 
ature measurement. A typical application is in the preheating of a metal 
object before welding. From time to time a crayon mark is made on the 
object. If the crayon wets the object, as a result of melting, the desired 
temperature has been reached. If not, a dry mark like that of chalk on a 
blackboard is produced. Figure 16 shows a mark made with a crayon of 



-C' T „ 1A n , , Courtesy Tempil Corporation 

Crayon mark, showing how melting can be used * 

<*£££ ing — 
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this type. The first part of the mark has melted and the rest has not, show- 

mg that part of the metal is above and the rest below the rated temperature 
of the crayon. 

Paint or lacquer is more tenacious in sticking to objects and will survive 
longer heating periods than crayon marks, and hence is used in some ap¬ 
plications. The appearance of the paint is permanently changed by melting. 
Pellets are more permanent than either crayon marks or paints and are 
somewhat more convenient to use. A common size is Ke inch in diameter 
and inch thick. Pellets may be used in a furnace in place of pyrometric 
cones, except that melting, rather than plastic deformation, is watched for. 
As with cones, a series having different rated temperatures may be used. 
They may be observed during heating or examined afterward to see which 
members of the series have melted. The melting point of a pellet is more 
sharply defined than the end point of a cone. However, pellets are smaller 
and less easy to see than cones. The Tempil Corporation supplies pellets 
in G6 different temperature ratings, from 113°F (45°C) to 2500°F (1371°C). 
Like cones, they may not function properly in reducing atmospheres. 

Change in color ot temperature-sensitive paints may be used to indicate 
temperature. A certain amount of time, perhaps ten minutes at the appro¬ 
priate temperature, is required for the change. At least one paint works 
on the dehydration principle, and gives a reversible indication. That is, 
the color change is reversed on cooling again. Other paints suffer a perma¬ 
nent chemical change. The same paint may pass through a gradual change 
involving as many as five or six distinguishable colors, and so can give 
indications of more than one temperature. The range of temperatures is 
more limited than with paints that indicate temperature by melting. The 
Tempil Corporation supplies 10 different types, which indicate tempera¬ 
tures from 175°F (80°C) to 1470°F (799°C). 

Liquid Steel 

There are many industries that have special temperature-measuring 
problems which have called forth ingenious modifications of conventional 
temperature-measuring instruments. None is more outstanding in this 
respect than the steel industry, and it may be of interest to use it as an 
example to show how a very difficult and important problem in tempera¬ 
ture measurement has been solved by the application of well-known meth¬ 
ods, with the aid of proper engineering design. It is presented as one of the 
numerous cases where industry demands methods of measurement which 
are beyond the scope of university or technical research laboratory re¬ 
sources. 

Only since 1939 has there been any satisfactory way to measure the 
temperature of liquid steel during the process of production. In that year 
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Schofield and Grace 16 of the British National Phj'sical Laboratory developed 
the quick immersion thermocouple, commonly called simply the immersion 
thermocouple. Prior to 1939 there was plenty of good steel made, of course, 
and furnaces were tapped at approximately the proper temperatures, but 
there was no very good way to determine what these temperatures were. 
The optical pyrometer could be used whenever the process of pouring caused 
the steel to be exposed without a slag cover. But the emissivity of pure 
iron in the red is only about 0.4 and is strongly affected by alloyed metals. 
Slag has a much higher emissivity. Further, the temperature should be 
known before tapping because after tapping starts it is too late to do any¬ 
thing about it. 


The steel melter had a practiced eye and long experience. Wearing blue 
goggles of cobalt glass, he could estimate rather closely when the proper 
furnace temperature had been reached. The cobalt glass has transmission 
bands at both ends of the visible spectrum and cuts out the light in be¬ 
tween. The goggles thus form a sort of two-color pyrometer, in which the 
sensation produced in the eye changes very rapidly with temperature. 
Besides looking at the interior of the furnace and at the slag, the melter 
could take a “spoonful” of steel from the furnace and observe the steel 
while pouring it on the ground. But in the process of being dipped out of 
the furnace the steel cools by several tens of degrees Fahrenheit. 

The steel melter could take a steel rod and poke it into the bath of steel, 
note the time required for the rod to melt, and thus form an opinion of 
whether the bath temperature was right. This form of temperature measure¬ 
ment must be classed more as an art than as a science. 


1 here are now at least two satisfactory ways of measuring the tempera¬ 
ture of steel while it is in an open hearth furnace covered with a layer of 
slag. The most widely used instrument for the purpose is the immersion 
thermocouple. The second is the radiation pyrometer mounted in a blow- 
tube. An immersion thermocouple is shown in Fig. 17. To make a measure¬ 
ment the tip is inserted into the wicket hole and pushed down through 
the slag and into the liquid metal beneath. It is left in this position until 
the temperature recorder attached to it completes its rapid deflection 
showing that the hot junction has reached the temperature of the steel’ 
It is then quickly withdrawn from the furnace. Figure 18 shows one form 
of construction. The quartz tip is replaced after every reading. The thermo- 
coup e is platinum/platinum-rhodium. After about 15 readings the thermo- 

furnnr* " f by comparing it with a standard couple in a checking 
urnace made specially for the purpose. If within about ±7°F of the 

there h ? ls ° OMldere t d satisfactor y for furthe r After 75 readings or 
hereabout the tip of the thermocouple generally must be discarded 

Some method is provided for storing extra thermocouple wire in the body 






Courtesy Leeds and A orthrup Comjfany 


Fig. 18. Unassembled view of the measuring junction of an immersion thermo¬ 
couple for liquid steel. The short fused quartz tube is the only protection between 
the junction and the liquid steel bath. A graphite sleeve is used to protect the cylindri¬ 


cal surfaces of the housing. 


of the instrument. When the tip is cut off, more wire is pulled down and 
the wires rewelded. 

The second method of measuring the temperature of an open hearth 
furnace is to use a radiation pyrometer. Externally, such an instrument 
looks somewhat like the thermocouple tube shown in Fig. 17, except that 
the tube is straight and is connected at the back to an air or gas line. The 
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air flow keeps the open end of the tube from filling when it is plunged 
through the slag and into the steel bath. The radiation pyrometer proper 
is mounted inside the tube and is exposed to radiation traveling up the tube 
from the liquid steel. The emerging gas forms bubbles in the steel, and the 
bubble-cavity forms a black-body enclosure, which is very desirable. The 
output of the pyrometer operates a temperature recorder. If the purging 
gas is air, higher readings are obtained than with nitrogen, because the 
oxygen in the air oxidizes a little of the steel in the bath liberating the heat 
of conbustion. There is also a cooling effect due to entry of the cold gas. 

The blow-tube radiation pyrometer can be used many times without 
servicing, whereas the immersion thermocouple can be used only once. 
Hence, it costs $1 or more per reading when a thermocouple is used, and 
considerably less when a radiation pyrometer is used. In spite of this, the 
immersion thermocouple is much more widely accepted, principally because 
fewer errors are made in its use and the readings have proved more reliable. 
Further information on temperature measurement in the steel industry will 
be found in a paper by Winkler. 17 
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Books on Industrial Temperature Measurement 

en Jn^rin? 0 ?° fU / th " readi “ 8 in the field of temperature measurement in 
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other hooks mentioned. Finally, mention should be made of the Temperature Svm- 

posium volume of 1941. References to specific papers in this book have already been 

made • ■ • Although more than ten years old, the volume still contains a great 

deal of information not readily available elsewhere. 
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19 . SUPERCONDUCTORS AS 

THERMOMETERS 


J. G. Daunt 

The Ohio State University 

1. Resistance Thermometry Using Partially Superconductive 
Materials 

Before discussing the work, both experimental and theoretical, which 
has been done on the subject of resistance thermometry using partially 
superconducting materials, it is considered of value to review the appli¬ 
cability of normally conducting metals to resistance thermometrj' in the 
temperature region below 7°K. This upper limit of temperature is taken 
since it represents approximately the highest temperature to which partially 
superconducting substances have been used as resistance thermometers 
and consequently defines a region of temperature in which just comparisons 
between the various methods can be made. Alorcover, resistance ther¬ 
mometry in regions of higher temperature is very fully discussed elsewhere 
in this symposium. 

a. Normally Conducting Metals below 7°K. Since the Debye tem¬ 
perature, Op , for all pure metals and alloys is much greater than 7°K, 

one may w-rite for the electrical resistivity, p, of a metal the approximate 
formula: 


P = Pi + f(T) 


P = pi -f a7 


?n 


I 


(n 


where Pi is the residual resistivity. By writing p in the form of Kq (1) 
Matthiessen’s rule is implicitly assumed. Whereas, in a general case, this 
assumption may not be theoretically sound for metals (certainly it is not 
valid for semiconductors), as has been pointed out for example bv Sond- 
hejmer and Wilson, 1 Kohler," and by Sondheimer, 3 the expected deviations 
are small and for most purposes Matthiessen’s forms rule a satisfactory np- 
proximatmn. Experimentally the position with regard to this hypothesis is 
s ill somewhat confused. For example, for copper the most recent data of 

wop* r el ? ! lSing technical c °PP er wires which had been annealed at 
500 G indicated an exact adherence to Matthiessen’s rule; whereas, on the 
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other hand, earlier work on copper by de Haas, de Boer, and van den Berg 5 
and others 6 was in slight disagreement with this conclusion. For detailed 
tabulations of the experimental conclusions for a number of metals, the 
reader is referred to the original articles. 7 

The temperature-dependent part of the resistivity, given by the second 
term on the right-hand side of Eq. (1'), should, according to the theory of 
Bloch, have n = 5. This theoretical result was obtained by making a 
number of simplifying assumptions and the result would not be expected 
to hold except for a quasi-free electron gas system in an isotropic lattice, 
and then only for T —> 0. In evaluating n from experimental observations 
of p in the temperature range of a few degrees Kelvin, the relatively large 
role played by the residual resistivity, p t -, makes the evaluation difficult and 
consequently only those metals for which Matthiessen’s rule is found to be 
empirically valid can be used. This restriction in practice has been found 
to be serious. For the alkali metals, for which theoretically it would be ex¬ 
pected that the Bloch formulation (n = 5) should hold, extensive measure¬ 
ments have been made by MacDonald and Mendelssohn 9 who found 
n = 4.85 for Na in the temperature range 8° to 20°K, n = 4.56 for Li in the 
range 4° to 20°K, and n = 5 for K in the range 4° to 6.5°K.* Measurements 
by van den Berg 10 on K yielded identical results. These results together 
with the experimental evaluations of n for some other metals are collected 
together in Table 1. 

For the transition metals, as seen from Table 1 for W and as observed for 
Pt by de Haas and de Boer 14 and for Pd by Meissner and Voight, 15 n may 
fall well below the value 5 even at low temperature and here Eq. (1') can 
at best only be regarded as a rough interpolation formula with the n value 
dependent on the temperature range of observation. A theoretical inter¬ 
pretation for the behavior of transition metals has been put forward by 
Baber 16 and by Mott. 17 

In resistance thermometry the parameter of interest is the slope /3 of the 
resistivity versus temperature curve given bj r 0 = dp/dT, which for 
T —» 0°K is obtained from Eq. (1'), giving the approximate formula 

0 = dp/dT = anT n ~ x (2) 

Some idea of the numerical value of 0 at extremely low temperature^can 
be obtained from the observations of MacDonald and Mendelssohn on 
sodium as shown in Fig. 1. 

All wires of different purity, given by the different curves in Fig. 1, yield 
(3 = 7.4 X 1(T 12 ohms-cm/°K at 4.2°K. This is to be compared with 0 for 
Na at the ice-point which is 1.9 X 10" 8 ohm-cm/°K. The very low tempera- 

* For the range 10° to 20°K, it was found that n = 3. However, at the higher 
temperatures, where T approaches d D , Eq. (1') is at best only an empirical interpola¬ 
tion formula with no theoretical significance. 
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Table 1. Observational Evaluation of n in the Bloch Formula (Equation 1') 


Metal 

on (i 

Temp. Range of 
Measurement f c k» 

n 

Reference 

Li 

350 

4-20 

4.56 

0 

\'a 

200 

8-20 

4.85 

9 

K 

160 

4-6.5 

5 

0 and 10 

Rb 

25 

1.0-2.5 

5 

0 

Cu 

333 

4-20 

4.5 

11 

Ag 

223 

4-20 

4.1 

12 

Au 

175 

4-20 

4.2 

12 

PI) 

SS 

7.2-15 

0 

10 

Sn 

260 

4-12 

4 

13 

Cd 

172 

4-20 

4.5 

13 

w 

3$4 

S-20 

3.6 

10 

Sr 

100 

4—12 

3.4 

9 



observed by itcDonaM aid MendoL'ohn "" 1 “ fUn0ti ° n ° f temperature 


tuie vahres ° f 0 for some typical pure metals are listed in Table 2. From 
able 2 it is evident that resistance thermometry at temperatures below 

low vaZofl ‘ S eXperimellta!ly unsa tisfactory owing to the very 

The effect of alloying on the resistivity is, at least for dilute solutions, 
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Table 2. Values of the Parameter p = d P /dT at 4.2°K for Various Metals 

and Alloys 


Substance 

Pi.* a K./Pm°K 

a 

Temperature 
Range of 
Suitability 

Comments 

Refer¬ 

ence 



tiohm-cm/°K 
at 4.2°K. 




Na 

4 X 10~ 4 

0.000007 

— 

— — 

9 

Pt 

3.6 X 10 -4 

0.00015 

>10°K 

— 

14 

Pb“ 

1.5 X 10- 4 

0.00025 

w 

o 

• 

A 

Magnetic field 

10 





required to 
produce nor¬ 
mal state be¬ 
low 7.2°K 


Manganin 

0.45 

0.06 

1° to 100 °K 

Somewhat unre- 

21 





producible 


Manganin 

—— 

0.02 

1° to 100°K 

Somewhat unre- 

22 





producible 


Au 

2.2 X 10“ l 

-6 X 10“ 8h 

— 

Effect due to 

12 





“minimum” 


Ag-Mn 

0.4 

0.009° 

1° to 5°K 

Affected by 

36 





magnetic fields 


Leaded phosphor 

Approx 

0.23 d 

0.1° to 7°K 

Affected by 

25 

bronze (Lei¬ 
den) 

0.5 



magnetic fields 


Leaded phosphor 

0.42 

0.63° 

0.1° to 7°K 

Affected by 

51 

bronze I 




magnetic fields 


Leaded phosphor 

0.51 

2.20 f 

0.1° to 7°K 

Affected by 

51 

bronze II 




magnetic fields 



a As measured in a magnetic field of 660 gauss. 
b As obtained from Fig. 3. 
c Most favorable value from Fig. 5. 

^ Insufficient data were presented in ref. 25 to correlate the resistance values quoted with the resistivity. 
The value of dp/dT given here was measured by the writer using a sample of the Leiden alloy kindly presented 
by Dr. D. H. Andrews. 

c Wire 0.025 cm diameter prepared by the writer (see text). 
f Wire 0.012 cm diameter prepared by the writer (see text). 

the same as that of the addition of impurities, as has been shown theoret¬ 
ically by Nordheim 18 and experimentally by Norbury 19 and by Linde. In 
first approximation, therefore, such alloying only changes the residual 

resistivity, p,, leaving /? unchanged. 

Therefore, to employ pure metals or alloys below 7°K as the active ele¬ 
ment in resistance thermometers is in general of little value, unless, as is 
indicated in subsections lb and lc below, the metals or alloys show anoma¬ 
lous behavior or become superconducting. 

b. Anomalously Conducting Metals below 7°K. Only a brief mention 
is made here of the anomalous changes of resistivity with temperature found 
at temperatures below 7°K in certain metals. These anomalies are of three 
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types, which maj' or may not be related, and which may be designated 
under the following headings: first, the large slope, 0, of resistance as a 
function of temperature of certain alloys, for example, manganin; secondly, 
the phenomenon of the resistivity minimum; and thirdly, the anomalous 
effects of dilute alloying with transition elements. These anomalies do in 
certain instances allow resistance thermometry to be carried out in the 
temperature region below 7°K. 

The Large Temperature Coefficient of Resistance of Manganin and Con¬ 
stantan. In 1914, Kamerlingh-Onnes and Holst' 1 found that manganin and 
constantan showed a large and linear variation of resistivity in the tem¬ 
perature region below about 100°K. A graph showing their results for 
manganin is given in Fig. 2, in which also the measured resistivities of Cu, 
Fe, Cd, and Sn are plotted. The figure shows clearly the markedly higher 
fi values (ft = G X 10 s ohm-cm/°K at 4°K) for manganin compared with 
/3 for the pure metals at the lowest temperature of measurement. A simi¬ 
larly high /3 value was observed by these authors for constantan. No 
theoretical explanation, as far as the writer is aware, has been put forward 
for this anomaly. As a consequence of the relatively high (3 values for 
manganin and constantan, these materials have been used widely as re¬ 
sistance thermometer elements in the liquid hydrogen and liquid helium 



as 
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temperature regions. (See for example, Keesom and van den Ende, 22 
Pickard and Simon, 23 Parkison, Simon, and Spedding. 24 Cerium wire has 
also been found by Keesom 20 to show a large variation of resistivity with 
temperature. These materials, cannot, however, be regarded as being satis¬ 
factory as thermometric elements since they are not reproducible on re¬ 
peated cooling from room temperature and since they are affected in a 
nonreproducible manner by magnetic fields, showing hysteresis in their 
magneto-resistive effects. 

The Phenomenon of the Resistivity Minimum. De Haas, de Boer, and Van 
den Berg, 5,12 in measuring the resistivity of very pure annealed samples 
of polycrystalline gold, found a minimum in the resistivity between 3°K 
and 8°K. The effect is relatively small as is shown in Fig. 3 taken from their 
early work. The location of the minimum on the temperature scale ap¬ 
peared to be a function of purity of the sample, being shifted to lower 
temperatures for higher purity. A plot of T min vs. R min /R 0 , as obtained by 
various workers, where 7? 0 is the resistance of the sample at 0°C, is shown 
in Fig. 4. Further measurements by a number of authors 26 ' 33, 39 confirmed 
the early results. The occurrence of minima in the resistivity at low tem¬ 
perature has also been established for Mg, Ag, and Cu. Many other metals, 
e.g. Na, Ga, Al, Mo, Co, and Ce, have been reported (see Mendoza and 
Thomas 32 for a review of these results) in isolated cases to show such minima, 
but in general the results are not reproducible. A detailed and undisputed 
theoretical explanation of these effects is not available at present, although 
it is known that the phenomenon is not due to size effects, as was suggested 
by Justi, 34 which might be expected to occur when the wire diameter be¬ 
comes comparable to the long mean free paths obtaining at low tempera¬ 
tures. The use of the negative temperature coefficient of resistivity occuring 
below the minimum as a medium for resistance thermometry was suggested 
by Keesom 25 occasioned by his studies on Mg, although at that time he did 
not pursue his observations to high enough temperatures to reveal the 
minimum. There are several serious objections to the use of this phenom¬ 
enon for thermometry. First, the effect is in general due to a very small 
impurity content and as such the uniformity from one specimen to another 
is poor; second, the minimum in general occurs below 7°K (see Fig. 4) and 
therefore around the minimum value the thermometric sensitivity is almost 
zero; third, the phenomenon is affected by external magnetic fields, there 
being in general anomalous magneto-resistive effects; and, fourth, as is seen 
from Table 2, even in the most favorable cases observed so far, 0 is very 

small. 

The Anomalous Effects of Dilute Alloying With Transition Elements. For 
alloys of Ag diluted with small percentages of Mn, Gerritsen and Linde 
found anomalous resistivity temperature relationships. They reported that 
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by deVaafrnd Ian de°„ f ~' m #t about 7 ° K ' “ ed 


for sufficiently dilute alloys not only did the resistivity go through a mini 
mum a t lo temperatures but also on further reductin of the tempo,t 
ture down to 1 K, a subsequent resistivity maximum was revealed Some 
of then results are shown in Fig. 5. This behavior is different from that oc 

ureSwS th’ f ° r "r iC ! 1 aCC ° rding t0 the m ° St recent ™as- 
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Fig. 4. Resistivity of gold at the minimum, (R m in/Ro), as a function of the tem¬ 
perature of the minimum, T min , and of the nature of the impurity. 

0 Data of de Haas and v.d.Berg (ref. 12). “Pure” gold. 

A Data of Giauque el al. (ref. 28). Au + Ag impurity. 

O Data of MacDonald and Templeton (ref. 30). “Pure” gold. 

X Data of MacDonald and Templeton (ref. 30). Au -f- Ni impurity. 

that the introduction of foreign atoms of the transition metals produces 
new discrete energy levels near the top of the Fermi distribution and that 
resonance scattering can therefore occur. Although this anomalous re¬ 
sistivity effect could in principle be used in narrow temperature ranges at 
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Fig. 5. Resistivity of Ag as a function of T for different percentages of Mn added 

as observed by Gerritsen and Linde. 56 The numbers on the curves represent the 
atomic percentage of Mn. 


low temperature to provide a thermometric parameter, it would appear to 

suffer from all the drawbacks previously enumerated for the metals showing 
the resistivity minimum phenomenon. 

p C ’;f a £ ially Su P erconducti ve Metals below 1 °K. The Experimental 
Hesu ts Pure superconducting metals, especially when in the form of single 

a Ve,y ab *' Upt su P el ' norma l transition in zero magnetic 

thmr io-3 e oKT ratUre i nt r al n tranSiti °" ‘ My be as sma » as « smaller 
than 1° K. Superconducting alloys show broader transition intervals as 

has been shown for example by Allen/ 2 but in general the width of the 

resistive transition in zero magnetic field does not cover more than 1°K or 
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2 K at the most. Although the large change in resistivity in such a transi¬ 
tion interval could in principle be used for resistance thermometry, its ap- 
plication would be very specialized, since only in the transition region itself 
is the coefficient, 0, different from zero. Pure superconductors or supercon¬ 
ducting alloys, therefore, do not find application in resistance thermometry 
at very low temperatures. 

Partially superconducting materials have been found, however, to show 
large (3 values over wide ranges of temperature and have been used ex¬ 
tensively in resistance thermometry. The first development of such ma¬ 
terials was made by Keesom and van den Ende, 43 ' 44 who found certain sam¬ 
ples of phosphor-bronze to be very suitable resistive thermometers. They 
found that one particular sample of a number of spools of phosphor-bronze 
wire supplied by Hartmann and Braun showed the temperature variation 
of resistance shown in Fig. 6. All the others yielded essentially zero (3 value. 
These authors noted, moreover, that the observed resistivity of the phos¬ 
phor-bronze sample was dependent markedly on the magnitude of the 
measuring current and on exterior magnetic fields. The curves shown in 
Fig. 6 were taken in zero magnetic field and were measured as follows: 
lowest curve for 0.4 ma measuring current, middle curve for 0.5 ma, and 



Fig. C. Resistance of a sample of leaded phosphor-bronze in zero external mag¬ 
netic field as a function of T as found by Keesom and van den Ende. !5, 44 The three 
curves are for different measuring currents, as marked. 
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upper curve for 1.0 ma. They found, moreover, that annealing of the wire 
destroyed its low temperature properties and made the wire revert to the 
more usual temperature-independent resistivity. Similar results, also for a 
particular sample amongst many of phosphor-bronze wires from Hartmann 
and Braun, were reported later by Babbitt and Mendelssohn. " Other 
phosphor-bronze wire supplied by Thomas Bolton and Sons of almost 
identical composition showed no temperature-dependent resistivity at the 
low temperatures. 

The very linear aspect of the p vs. T curve below about 7°K shown in all 
these results suggested that it may represent a very ext ended super-normal 
transition curve and this conclusion was strongly supported by the ob¬ 
served effect of external magnetic fields. Fields of a few hundred gauss were 
sufficient to bring the wire to a temperature-independent resistivity, just as 
similar fields can destroy superconductivity in most “soft” superconductors. 
In attempting to detail the character of the superconductive material in 
this phosphor-bronze, Babbitt and Mendelssohn measured the resistivities 
of two binary alloys of the elements in the phosphor-bronze, namely of 
Cu-P (7.9 per cent P by weight), Sn-P (15 per cent P by weight). The alloy 
Cu-Sn had previously been investigated by Allen, 42 who found no signs of 
superconductivity for percentages of Cu greater than 38 per cent. Since 

phosphor-bronze has the composition: Cu 90 —► 99 per cent, Sn 10_*• 1 per 

cent, P 0.05 —> 0.5 per cent; the alloy Cu-Sn cannot be superconducting in 
such high percentage of Cu. They found no superconductivity in their Cu-P 
alloy, but found a transition to superconductivity in the Sn-P at 8.9°K. 
They concluded therefore that the Sn-P a solution in the phosphor-bronze 
might well be responsible for the behavior shown in Fig. (>, but also sug¬ 
gested that it might also be due to a ternary alloy of Cu-Sn-P or even to Pb 
impurity. With regard to the latter suggestion, they measured Ag-Pb alloys 
(10, 8, 6, and 5 per cent Pb by weight) and found that the 5 per cent Pb 
alloys showed a very broad transition interval, making it suitable for re¬ 
sistance thermometry between about 3.5°K and 7°K. 

The fact that the p vs. T curve of the phosphor-bronze illustrated in Fi<>\ 
0 began to show strong temperature dependence at about 7°K led Keesotn 25 
to suggest that Pb (which in the pure state has a superconducting transition 
emperature of 7.2°K ) is the agent responsible for this behavior. There¬ 
fore, he made up an alloy composed as follows: 

Cu 97.95 per cent 
Sn 2 per cent 
Pb 0.05 per cent 

“ sh °' ved a large a,ld approximately linear variation of P 

mamiltl fi M K *° 4 ' 2 ° K ' The dependence on external 

S ° fie ‘ ds " aSl however - more mark «*l than for the original phosphor- 
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I'lG. 7. Resistance of the same leaded phosphor-bronze given in Fig. 6 (as found 
by Keesom 25 ) in various magnetic fields of value: 0 gauss; 2000 gauss; 5400 gauss. 

bronze wires, whose behavior in magnetic field is shown in Fig. 7. A sample 
of Keesom’s phosphor-bronze wire was measured by Allen and Shire 46 down 
to temperatures below l°Iv by cooling it in contact with iron-ammonium 
alum with results shown in Fig. 8. The curves shown in Fig. 8 are for various 
measuring currents and all show an approach to linearity except at the 
very lowest temperatures. The kinks at about 0.035 degree are probably 
due to the fact that the temperature scale is the magnetic T* one rather 
than the absolute, 7’, scale and it is known 47 that iron-ammonium alum 
shows marked deviations between T* and T below 0.035 degree. It might 
be noted parenthetically here that these experiments show that thermal 
equilibrium between a metal and a paramagnetic salt can be attained even 
down to temperatures of a few hundredths of one degree. Similar measure¬ 
ments below 1°K have also been made by van Dijk, Keesom, and Steller 
using an alloy prepared by van Laer and Keesom (see below) and they 
found also a linear p vs. T curve between 0.25° and 2.0°K. 

In order to prepare resistance wire which would be less affected by ex¬ 
ternal magnetic fields, van Laer and Keesom 49 considered that if Pb in the 
form of pure particles dispersed in the metal was the active agent in the 
phenomenon, then alloys of Pb-Bi, which show much higher magnetic 
threshold fields, 41,50 in phosphor-bronze should withstand higher external 
magnetic fields without losing their favorable temperature-dependent re- 
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Fig. 8. Resistance of a sample of Keesom’s leaded phosphor-bronze wire as meas¬ 
ured by Allen and Shire 16 below 1°K. The different curves are for different measuring 
currents, as marked. 


sistivity properties. They consequently prepared a Pb-Bi alloy with 25 per 
cent Bi and added this to phosphor-bronze in amount 0.1 per cent by weight 
for their type No. 43 and in amount 0.2 per cent by weight for their type 
No. 47. Their results are given in Figs. 9 and 10 which show resistance vs. 
temperature for the two types in various magnetic fields. It is to be noted 
that for fields greater than about 8000 gauss type No. 43 loses its tempera¬ 
ture-dependent resistivity, whereas type No. 47 shows some dependence in 
fields up to about 18,000 gauss. However, the latter type gives practically 
temperature-independent resistivity in fields less than about 4000 gauss 
and so is useless for resistance thermometers in low fields. The authors sug¬ 
gest that in order to have a resistance thermometer which would serve all 

purposes, one might connect two wires of different qualities (e.g. Nos. 43 
ana 47) m series. 


th^r^'A* 8 r Pare l' Vire haVing almost the sa ™ constitution as 
that prescribed by Keesom, namely, Cu 97.9 per cent, Sn 2 per cent Pb 

helium t 6nt ’ a "f d fOUWl 11 “ Suitable resistance thermometer in the liquid 
helium temperature range with 0 = 63 X 10“ 8 ohm-cm/°K at 4 2°K Hc 

found, moreover, a marked variation of performance with wire diameter 

he wire with properties mentioned above was 0.025 cm diameter. When 
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Fig. 9. Resistance of leaded phosphor-bronze wire, no. 43 (with 0.1 per cent 
Pb-Bi alloy), as prepared and measured by van Laer and Keesom 49 as a function of 
T in magnetic fields of value: 0 gauss; 3880 gauss; 5470 gauss; 6500 gauss. 

this wire was drawn to 0.012 cm dia. the value of at 4.2°K increased to 
220 X 10“ 8 ohm-cm/°K; however, when further drawn to sizes of 0.005 cm 
and 0.002 cm, it lost almost entirely its temperature-dependent resistivity. 
These experiments were undertaken to test the reproducibility of produc¬ 
tion of the alloy and to provide ourselves with an adequate stock for future 
needs, since, previously, it was obtainable only in very small quantity from 
the workers quoted above. 

In order to sum up all the above experimental results into some form in 
which the suitability of each material for resistance thermometry in the 
temperature region below 7°K may be judged, Table 2 shows the observed 
(3 values, arbitrarily taken at 4.2°K, the temperature range of suitability, 
and comments on their properties. It will be seen from the table that the 
partially superconductive leaded phosphor-bronze alloys are most suited 
for resistance thermometry provided magnetic fields are not used in the 
associated experiments. This defect of magnetic field sensitivity is prac¬ 
tically absent in carbon resistance thermometers 62,63 at low temperatures, 
and consequently in recent years the leaded phosphor-bronze partially 
superconducting thermometer has become obsolescent. 

Theoretical Considerations. It is of interest to consider the possible mech¬ 
anisms responsible for the behavior of the partially superconductive phos- 




SUPERCONDUCTORS -l.S THERMOMETERS 


341 



Fig. 10. Resistance of leaded phosphor-bronze wire, no. 47 (with 0.2 per cent 
Pb-Bi alloy), as prepared and measured by van Laer and Keesom* 9 as a function of 
7 in magnetic fields of value: 0 gauss; 4020 gauss; 5750 gauss; 8000 gauss; 0300 gauss- 
9890 gauss; 10800 gauss; 15080 gauss; 18100 gauss. 


phor-bronze wires reported above. Both Keesom 25 and Babbitt and Mend¬ 
elssohn put forward the suggestion that the behavior is due to the presence 
of a great number of superconducting inclusions, either of pure supercon¬ 
ducting metal or of a superconducting alloy, in the matrix of the phosphor- 
bronze Moreover, they both suggest further that these inclusions are in the 
form of thin needles parallel to the wire axis, formed thus by the drawing 
However, their suggestions as to how this structure results in the observed 
approximately linear p vs. T curve are different. Keesom suggests that 
owing to the postulated extremely small and random sizes of the needles 
their superconducting transitions are randomly spread over a large tem- 

n“m llre n range: COnSeqUently ' as the temperature is reduced more and more 
Bahhff S t i7f C ^conductive and so reduce the resistivity of the wire 
Babbitt and Mendelssohn propose further that the needles form chains and' 

rn the phenomenon. However, it is possible to describe it very much more 
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Fig. 11. Conductivity of Koppe’s 54 partially superconducting model as a function 
of magnetic field at constant temperature. 


simply, having as a hypothesis only the first of the premises enumerated 
above, namely, that there are a great number of independent inclusions of 
superconducting metal in an otherwise nonsuperconducting matrix. This 
simpler explanation has been put forward recently by Koppe , 54 who likened 
such a mixture to “raisins in a cake.” 

If <j\ and <72 are the overall conductivities of this model when the inclu¬ 
sions are respectively superconducting and normal, the variation of the 
conductivity at constant temperature with variation of applied magnetic 
field will be as shown in Fig. 11. It is to be noticed that the resistivity of 
such a model never drops completely to zero, as is found in practice also for 
the phosphor-bronze even at temperatures well below 1°K, as shown in 
Fig. 8 . The value of the magnetic field, H „, of Fig. 11 at which nearly all 
the inclusions change from the superconductive to normal phase is of course 
proportional to H c , where H c is the magnetic threshold value at the tem¬ 
perature concerned, the factor of proportionality being a function of the 
shape and orientations of the inclusions. Moreover, in this model the mag¬ 
netic field can be considered to be produced by the measuring current 
through the wire. A wire of radius R carrying a measuring current having 
current density i will have a magnetic field maximum at the surface given 
by //,„„* = 2 irRi. Therefore if H, mx $ H., all the inclusions in the wire will 
remain superconductive and the conductivity wall have the value of <n ■ 
Since the total measuring current I = irR\ the requirement of all inclusions 

to be superconductive is: 



( 3 ) 
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H<H,: PARTIALLY SUPERCONDUCTING 


H>H,: NORMALLY CONDUCTING 


Fig. 12. Section through Koppe’s 64 partially superconducting model showing the 

annular region of “normal” conductivity and the core of partially superconducting 
material. 

If, on the other hand, A > 1, then all the inclusions cannot remain super¬ 
conductive. There will then be an annular region given by R' ^ r ^ R in 
which the magnetic field is higher than the threshold field and in which, 
therefore, the inclusions are “normal” (see Fig. 12). The value of R ' will 
be given by the following simultaneous equations: 


2iriiR' = H g (4.1) 

? 2 /<72 = Jj/j-j (4 >2 ) 

I = nR'Hi + ir(R~ — R' 2 )i 2 (4 3 ) 

where, as shown in Fig. 12, the subscripts 1 and 2 refer respectively to the 

core containing the superconducting inclusions and to the annular region 
where H ^ H, . & 

If the mean conductivity of the wire when it split into a core and annular 
re g| on as described above is denoted by a and the mean resistivity by s 
hen Koppe finds from Eqs. (4.1), (4.2), and (4.3) an evaluation of p/ p ’ 2 
!'\ here P* - l/at) in terms of A. Typical curves showing this evaluation for 

n n C %l! a T y Wh ! n P " "* / ' 1 ’ eqUalS °' 75 ’ °' 5 ’ and < 0-5, are shown 
mF.g, 13. This figure shows that for A < 1, all the inclusions are supercon- 

duct.ve and P / P2 - p = c/c x , independently of A . As A increases above 

i ’ 6 a ” nUlar normal zone forms - increases in area with increas- 

A a,f ^ mcreases «Y mptotically t0 the yal “P 2 , since for high enough 
4 all the inclusions will become “normal.” Moreover, the curve which the 

/>/« value follows as A increases is different for each different value pro 

vided p js 0.6. When p =? 0.5, however, as is shown in Fig 13 all the 

.1 V.. A,o,A> I «« identical and *„„• , diaLtL"^ 

The dependence of p on temperature can now be calculated nrnvhWl 
some assumption is made regarding the variation of the magnetic threshold 

Konn h the superconductin g inclusions as a function of temperature 
Koppe here assumes a parabolic relation, which is a good first approxhna 


I = 7r/f'V, + irfR 1 - R*)i 2 
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Fig. 13. The mean resistivity, p of Koppe’s 5 ' partially superconducting model at 
constant temperature as a function of the parameter A = 2I/RH, . Three curves are 
given: one for p — oil<j\ = 0.75; p = 0.5; and p < 0.5. For A > 1, curves for p = 0.5 
and p < 0.5 are identical. 


tion, 


41 . 65 , 56 


such that: 




where IL, is the value of H„ at T = 0°K and T„ is the transition tempera¬ 
ture. Using this, he evaluated p/p 2 as a function of T/T s as shown in Fig. 14 
for two arbitrary values of the parameter 

A a = 2 1/RH. 0 (6) 

chosen such that A 0 = 0.5 and 1.1. It is to be noted that these results are 
for the externally applied magnetic field on the wire equal to zero. If one 
has an applied axial field H a , then the total field on any inclusion is the 
vector sum of //„ and the tangential field H{r) produced by the measuring 
current. This means that all the formulas remain the same, except that, in 

an external field, H. must be replaced by (fl? + ) • 

This model of Koppe’s is adequate to explain at least qualitatively the 

main features of the observed behavior of the partially superconductive 

phosphor-bronze. First by a suitable choice of the parameter ,1_» .it » 

remarkable in Fig. 14 how linear a relationship may exist between p a 
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Fig. 14. The mean conductivity, j> of Koppe’s" partially superconducting model 
as a function of reduced temperature, T/T t , in zero external magnetic field for two 
values of the parameter A 0 = 2 I/RH, 0 given by A 0 = 0.5 and A 0 = 1.1. 


over the whole range of temperature between 0°K and T, . Secondly, the 
resistance as T 0°K does not drop to zero, but, as is observed in practice, 
to some finite value. Then again the qualitative dependence of p on measur¬ 
ing current is the same as that observed in practice (cf. Figs. 6 and 8), for 
as is evident from Fig. 14, an increase in the value of I at constant tempera¬ 
ture increases p. The general dependence on external magnetic fields is also 
predicted by this model. Therefore it would seem worthwhile to extend the 
somewhat desultory program of experiments that so far has been carried 
out on partially superconducting systems to make more detailed compari¬ 
sons between experiment and the predictions of Koppe’s model. One point 
should be emphasized here and that concerns the constitution of the super- 
conductmg inclusions. From the work of van Laer and Keesom already 
c ed lt is evident that the inclusions, while being in the pure supercon¬ 
ductive phase, may not necessarily be composed of pure superconducting 
metal. Indeed the high magnetic fields necessary to destroy the effects in 
their work indicates that the inclusions were certainly an alloy 
Finally, the observed destruction of the Dartiallv a *.< 

behavior of these alloys on annealing must be due to the removal of the 
perconducting inclusions, presumably either by allowing the material of 
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the inclusions to go into homogeneous solution in the lattice or by preferen¬ 
tial evaporation at the surface or by both methods. 


2. Thermoelectric Properties of Superconductors 

Experimental observations have shown that the absolute thermoelectric 
power and the Thomson heat of a metal when it is in the superconducting 
state are zero. As far as thermometry is concerned, therefore, the thermo¬ 
electric properties of superconductors are of the little interest. Nevertheless, 
a brief review of the work done to date on the thermoelectric effects in 
superconductors is inserted here to give some idea of the effort so far ex¬ 
pended on the subject and to give some indication of the order of magni¬ 
tude of the precision whereby such facts have been established. 

Meissner 57 first showed in 1927 that a circuit composed of two supercon¬ 
ducting metals (Sn and Pb) gave no measurable thermo emf when their 
junctions were maintained at different temperatures. This observation has 
been confirmed repeatedly, notably by Borelius et al., b8 Keesom and Mat- 
thijs, 59 Burton et a/., 60 Casimir and Rademakers, 61 and by Pullan. 62 The 
observations of the last three publications quoted above are of interest 
because in them a specially constructed superconducting galvanometer 
was used (see appendix to this paper). The greatest sensitivity of observa¬ 
tion was, however, obtained by Steiner and Grassman 63 who hung the com¬ 
plete superconducting circuit (they used Sn-Pb and Sn-In circuits) on a 
torsion fiber in a weak magnetic field. Then the junctions were heated to 
different temperatures and the possible existence of thermoelectric currents 
would have resulted in a torsional movement of the whole circuit. No 
deflection was noted, even after several hours, and the authors concluded 
that the upper limiting value of the thermoelectric power would be about 
10” 15 volt/°K. Therefore, for a superconducting junction* 


c = g < 10- 16 volt/°K 



Measurement of the maximum possible Thomson heat in a superconduct¬ 
ing metal was carried out by Daunt and Mendelssohn. w ’ 6 In their experi¬ 
ment they mounted a ring of superconducting Pb wire in vacuo and main¬ 
tained two points on opposite ends of a diameter at different but constant 
temperatures, both well below T c . At a point midway on one semicircle 
between these fixed temperature locations they mounted a sensitive gas 
thermometer. Persistent currents were now induced in the ring of order■ oi 
magnitude of 200 amperes. If a measurable Thomson heat had existed, the 
temperature of the midpoint would have changed after the persistent 


* This is to be compared with, for example, the value of e = 0.73 X 10 • volt/°K 
for Pt observed by Borellius et al at 4°K. (See Table 4 for further comparisons.) 
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current was set up. No change in temperature was detected and the authors 
concluded therefrom that the Thomson heat, a, was: 


(T < 10 1,1 volt 


/Of • 


K 


( 8 ) 


In view of these extremely small upper limits of c.and a, it is customary to 
deduce that both the thermoelectric power and the Thomson heat are 
essentially zero. 

Some controversy has existed in tlie past concerning tlie way in which c 
varies as the temperature is lowered towards the transition temperature, T f . 
The early work of Keesom and Matthijs supported in part by the more 
recent investigations ot Oasimir and Radcmakers/ 1 indicated that the 
thermoelectric power did not fall suddenly to zero at T c , but showed, as 
it were, premonitions of the advent of superconductivity as the temperature 
was reduced and fell more gradually over a temperature interval of about 
one degree. The more recent and more precise work of Pullan 62 has shown, 
however, that this effect is not characteristic of pure superconductors and 
was due probably to spurious secondary experimental effects. 

In recent years, interest has been revived in the problem of the thermo¬ 
electric effects existing at junctions of the two phases—the superconducting 
and the normal phase of one given metal. The recent work has largely 
been carried out by Steele 67 and by Webber and Steele 68 who measured the 
thermoelectric effects at superconducting-normal junctions in Pb, Sn, In, 
and II. i he results obtained differed somewhat from the older measure¬ 
ments of Keesom and Matthijs 59, 63 who measured the same quantity for 
Sn and In. The thermoelectric powers observed were all very small, the 
greatest being for Pb, which at 4°Iv gave c = <J X 1(T 8 volt/°K, and conse¬ 
quently high precision of observation was difficult. It is considered, par¬ 
ticularly in view of the more recent work of Pullan, 62 that results obtained 
by Steele ' are the more reliable. He found, within the limits of error, that 
for the superconducting-normal junction, c was independent of the strength 
of the magnetic field used to hold the junction at temperatures below T c 
and was a linear function of T, being given approximately by: 

T? 2 ~ “ 2 (9) 

where L 0 is the thermo-emf of the junction extrapolated to 0°K and T is 
the superconducting transition temperature in zero magnetic field The 
values of E, , T. , and a are given in Table 3 

The linear function of temperature found for r is of interest from the 

theoretical point of view, indicating that theSommerfeld freeelertron theory 

approximately applicable to the normal state of the superconducting 
metals tested. (For background on this, see Seitz™ and Pimentel and 


e = — 
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Table 3. Thermoelectric Power, c, at a Superconducting-Normal Junction 
in niE Presence of a Magnetic Field (Data Due to Steele 67 ) 



Formula: e = 

2 E o „ 

TV “ +aT 


Element 

T e 

(°K) 

Eo 

(X 10* volts) 

(X 10* volts/dcg 1 ) 

Pb 

7.22 

59.0 

—2.26 

Sn 

3.72 

5.5 

—0.795 

In 

3.41 

10.4 

-1.78 

T1 

2.40 

5.5 

-1.91 


Sheline. ) However, this linear temperature function for e has been ques¬ 
tioned by Pullan who found, using his very sensitive superconducting 
galvanometer as the measuring instrument, that one could only apply an 
approximation formula of the type: 

e = ocT m (10) 

where m was found for superconducting-normal junctions in Sn to vary 
from 3.1 to 0.5. 1 he value of m was found to be highly dependent on crystal 
orientation, as is well known for thermoelectric measurements at much 
higher temperatures, and on the impurity content. 

In conclusion, it must be reiterated that the thermoelectric power of 
pure superconductors is zero and that for superconductive-normal junctions 
of a superconductive metal it is very small indeed; consequently, super- 


I ABLE 4. V’ A LUES OF THE ABSOLUTE THERMOELECTRIC POWER, e, FOR VARIOUS 

Metals and Alloys 


Substance 

Condition 

Type of Junction 

T 

(°K) 

e* 

(m volts/°K) 

Reference 

Any superconductor 

Superconducting 



T c 

Zero 

See text 


state 






Pb 

Normal state 

Super-normal 

of 

4.0 

-0.090 

67 



same metal 





Sn 

Normal state 

Super-normal 

of 

3.0 

-0.024 

67 



same metal 





In 

Normal state 

Super-normal 

of 

3.0 

-0.053 

67 



same metal 





Sn 

Normal 



4.0 

-0.02 

66 

Pt 




4.0 

-0.74 

66 

Cu + 0.03 At. % Fe 




4.0 

8.64 

66 

Au 4- 0.19 At. % Fe 




4.6 

7.51 

73 

Au + 2.11 At. % Co 




4.7 

3.99 

73 

Au + 0.04 At. % Ni 




4.7 

2.19 

73 


• The measurements of references 66 nnd 73 were made against a "silver-normal alloy” of Ag + 0.37 At. % 
Au having an absolute e value of 0.01 micro-volt/°K in the temperature range 4°K to 8°K. The absolute \a ue 
of e for this silver normal alloy was obtained from measurements against superconducting Pb by Bore ins 
et al” 
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conductivity lias no application in thermoelectric thermometry, except 
perhaps in providing a means of making absolute thermo-emf calibrations 
for normal metals, as for example was done by Borelius and co-workers. 72 
In Table 4 the main results of thermoelectric measurements at helium 
temperatures on superconductors, as outlined above, are set out, together 
with some data on normally conducting metals and alloys at helium tem¬ 
peratures obtained by Borelius et a/. 66 and by Keesom and Matthijs. 73 


3. The Magnetic Threshold Fields of Superconductors As A Possible 
Thermonietric Parameter 

The magnetic threshold field, H c , of a superconductor represents the 
equilibrium boundary between the super and normal phases and is given 
by the longitudinal magnetic field required to change an infinitely long 
rod reversibly from one state to the other. In recent years a number of 
accurate redeterminations of the magnetic threshold fields of many super¬ 
conductors have been carried out partly in connection with the recent 
interest in the isotope effect. For example, some of these recent redetermi¬ 
nations are as follows*: Zn (0.90°K) and A1 (1.19°K) by Daunt and Heer 74 
and by Goodman and Mendoza 75 ; T1 (2.40°K) by Maxwell and Lutes 76 ; 
In (3.38°K) by Stout and Guttman” and by Maxwell and Lutes 76 ; Sn 
(3.71°K) by Lock et oZ.,' 8 Serin et gZ., 79 and by Maxwell 80 ; Hg (4.15°K) by 
Reynolds et gZ. 81 and by Maxwell and Lutes 76 ; Pb (7.22°Iv) by Daunt, 
Horseman, and Mendelssohn. 66 For a survey of all these results, the reader 
is referred to articles by Serin 82 and by Daunt 83 in “Progress in Low Tem¬ 
perature Physics.” As the threshold field curves of the pure superconducting 
elements as a function of the absolute temperature become known with 

increasing accuracy, it becomes possible to consider seriously the observa¬ 
tion ot H e as a useful thermometric parameter. 

An early use of this magnetic threshold field measurement in the de- 
ermmat.on of temperature was made by the writer 8 * and briefly reported 
bj Mendelssohn, Daunt, and Pontius. 85 Experiments were undertaken to 
observe the low temperatures reached by adiabatic magnetization of a 

>f s " perc01 "duetmg Sn in the following manner: “a fixed search coil 
(see Fig. 15) surrounding the sphere and a compensation coil in the opposite 

mlm Ct" r e n "T " lth thei1 ' axis P arallel “> the direction of the aphe.l 
magnetic field and were connected tn n wn ppneu 

<l» Ml • po„„ „ ™ 

temperature in zero magLtuc S field er element 18 the superconducting t ransition 
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Fig. 15. Apparatus used by Daunt and Mendelssohn 84 * 85 for measurement of the 
threshold field, H e , of a superconducting Sn sphere by a search coil and fluxmeter 
method. From the value of H c observed, the temperature was computed. 


temperature concerned, at which all the lines of force have penetrated the 
sphere. This point, where the sphere is entirely in the normal state, will be 
indicated by zero deflection in the fluxmeter.” By fluxmeter measurement 
and simultaneous reading of the magnitude of the external magnetic field 
strength, H e could be determined. Knowing H e as a function of T, the 
temperature also could be thereby obtained. 

If one puts H c = Hnf(T/Tc), where H 0 is the magnetic threshold field 
value at T = 0°K and T c is the superconducting transition temperature in 
zero magnetic field, then the precision of temperature measurement, A T, 
is given by: 

AT _ f(T/T c ) AH (u) 

T Tf'(T/T c ) H e 

where AH is the precision with which H c can experimentally be determined 
and where S'(T/T C ) is the first differential coefficient of f(T/T e )- As a first 
approximation in studying this question of precision, it is of value to ap¬ 
proximate f(T/T c ) to the parabolic expression, 1 — ( T/T e )\ as described 
earlier in Section 1(c). We get therefore: 

AT AH (12) 

~T Ho - He 
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indicating that as the temperature is reduced the relative precision of 
temperature measurement becomes progressively less favorable, since as 
T H e —* Hq , For example, for this parabolic approximation, Eq. (12) 

shows that at T = T e / 2, the relative precision of measurement, (AT /T ), is 
only l A that at T 7\ . The value of using H c as a thermometric parameter 
therefore is limited to temperature regions below, but not greatly below, T c . 

In certain circumstances, however, the H c parameter may be of con¬ 
siderable value in precision temperature observation. An example of this 
is in the recent work of Fiske, who has measured the change of the super¬ 
conducting temperature of Su and T1 for moderate changes of pressure 
such as can be transmitted by liquid helium. The order of magnitude of 
(AT C /Ap) for Sn is —5 X 10 deg atmos 1 and for the pressures employed 
this resulted in changes in T c of about l(T 3o K. These small changes were 
observed by noting the difference between magnetic threshold value of the 
test specimen and that of a similar but unstressed superconducting specimen 
held at the same temperature. Since ( dHJdT) for Sn near T c is about 150 
gauss/degree, temperature changes in the transition of 10 _3o K will result 

in threshold field value changes as large as about 0.15 gauss, an easily 
measurable quantity. 


In principle, the H c determination could be made either by resistance 
measurements or by observation of the magnetic induction in the super- 
conducive thermometer. Care must be taken, however, in assessing 
nether the known calibrating threshold curve equation, II c = Haf(T/T ) 
is applicable to the chosen method of operation. In general, the most recent 
evaluations of H c (see references above) have been made using magnetic 
observation 3 , and it may not necessarily be assumed that these are identical 

Daunt^.f^ Va r T dete ™ llned ^ resistance measurements. For example, 
r?* * Y sho ' Ved hat 111 the case of P ure Pb > lai 'ge discrepancies oecured in 

^ Perature ; e f 011 bet "’<*n (tfc)mag and (H c ) res, such that 
1 .). S > and b e ascribed these differences to the probable 

xistence of fine superconducting needles within the Pb at temperatures 

l haU i hat C 1 orres P° ndin g t0 t be magnetic transition temperature 
Detailed and simultaneous observations recently carried out oP sn bv 

are identical. C0 "' 0rkerS ’ haV6 Sh °"' n that f ° r pure Sn - (^)mag and (H<) res 
parameter's 88 a f tWmoraetric 

r^LTae^ 

ras £ =525 

thermometrie substance are under investigation “ 
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Appendix: Superconducting Galvanometers 

Superconducting galvanometers have been constructed and successfully 
operated from time to time. The first superconducting galvanometer was 
made by Grayson-Smith and Tarr* 9 in 1935 using a moving coil instrument. 
This was followed by an essentially moving magnet type made by Grayson- 
Smith, Mann, and \\ ilhelm 90 in 1936, and by moving magnet types made by 
Casimir and Rademakers 61 in 1947 and by Pippard and Pullan 91 in 1952. 

These later types of superconducting galvanometers consisted essentially 
of a moving magnet which could be deflected by the magnetic field produced 
by a fixed superconducting deflecting coil placed around it. The restraining 
force was provided both by a small constant magnetic field having direction 
at right angles to the field of the deflecting coil and by the torsion in the 
suspension. The advantage of using superconducting circuits for the deflect¬ 
ing coils lies in the high resulting voltage sensitivity of the instrument. For 
example, Pippard and Pullan report that voltages of about 10 -12 volt can 
be observed with their galvanometer, and that in consequence reliable 
determinations of resistances of the order of 10 -7 ohm can be made. More¬ 
over, as has been reported by Pullan, 62 the instrument has been used for 
the precision measurement of thermoelectric emfs of order of 10 -10 volt 
obtained from thermoelectric junctions at liquid helium temperatures. It 
is considered therefore that, for high precision thermometric observations 
at very low temperatures, the superconducting galvanometer may come 
into more general use. 

A summary of the theoretical behavior of a superconducting galvanom¬ 
eter (see for example reference 91) can be followed by appeal to Fig. 16. 



Fig. 1G. Diagram for superconducting galvanometer arrangement 
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Figure 1G gives a diagrammatic plan view of the suspended moving magnet, 
of moment M , free to move in a horizontal plane in the presence of a con¬ 
stant magnetic field, // 0 , and a deflecting field, H u , at right angles to Ho . 
Hd is produced hy a current i flowing through the superconducting coil, S, 
given by H D = Ki (K will be determined by the geometry of S). Then 
for small deflections the motion of the magnet will be given by 

Id + kd + (MHo + n)6 = KMi (13) 

wheie I is the moment of inertia, k the mechanical damping factor, and /i 
the torsion constant of the magnet suspension. 

In addition the simultaneous relationship holding between i and the 
applied emf E in the circuit is: 


(£ + I>c) -r + Ri + KMd = E 


(14) 


where L is the inductance of the superconducting deflecting coil, S ; and 

L c and R are the inductance and resistance, respectively, in the circuit 
connected to S. 

Equations (13) and (14) yield the result for the steady-state condition: 

0 _ KM 
E R(MH 0 + v) 


(15) 


showing that, for maximazation of the galvanometer sensitivity, H 0 should 
be small as well as R and M. 

The time constant of the galvanometer is associated with its “effective 
inductance, ’ defined by Pippard and Pullan 91 as follows: if M is neglected 

the result- * ^ ^ simultaneous equations (13) and (14) lead to 



L + 


K 2 M\ 
H 0 ) 



+ l c\-7, + Ri = E 


(16) 


Sdurtancel^JfT V be - an effective 

lauctance, L cff , of the galvanometer deflecting coil 

The practical construction of the superconducting galvanometer differs 
in detail from one author to another. Figure 17 j* 

passed through it of about inn mo t , had a stead y current 

,h * •*“ ■* cs 
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TORSION HEAD 



Fig. 17. Schematic drawing of the superconducting galvanometer constructed 
by Grayson Smith, Mann, and Wilhelm. 90 

rounded by a superconducting Pb shield which served to screen out exterior 
magnetic field fluctuations. 

The instrument made by Pippard and Pullan 91 was in principle the same 
as the above, except that (a) an Alnico magnet 2 mm long with M ~ 0.2 
emu served as the moving component; (b) Sn rather than Pb was employed 
for the magnetic shield, owing to inhomogeneities found in cooling the Pb; 
(c) the field Ho was made much smaller than the earth’s field by having a 
supplementary compensating Helmholtz coil properly orientated an 
placed within the superconducting Sn shield, Ho ~ 0.01 gauss; (d) tie 
deflecting coil, S , was a Helmholtz coil of one turn per coil and of radius 
1.2 cm. With an optical arrangement having a scale distance of 1 meter, 
they found that the limiting precision of measurement was 0.5 mm ,, a 
limit due presumably to vibrational effects. The performance o is 



SUPERCONDUCTORS AS THERMOMETERS 


355 


Table 5. Performance Data on Superconducting Galvanometers 


Reporter 

Current 
Sensitivity 
(mm dell/maJ 

Voltage 
Sensitivity* 
(mm defl/p/iVl 

Minimum Detectable 
Voltage 
(volts) 

Effective 

Inductance 

(jihcnries) 

Grayson Smith el al. i0 

17. S 

0.1<S 

? 

500 h 

Casimir and Rademakers 61 

:> 

• 

• 

10-llc 

> 

• 

Pippard and Pullan 91 

150 

1.5 

0.3 X 10- 12 

1.2 


a Taken for a circuit resistance of 10 -7 ohm. 
b As estimated by Pippard and Pulton.* 1 

c Casimir and Radcmakers Rive very little detail on their galvanometer. They report that its resistance 
>vas about 10~« ohm and had accuracy of voltage determination of about 10“ 10 volt. However in the above 
tabic, in order to obtain a figure comparable with those given by other authors, the resistance has been “nor¬ 
malized" to 10‘ 7 ohm and hence the minimum detectable voltage reduced to 10"» volt. 


instrument is outlined in Table 5, in which also the comparable data for 
the previous superconducting galvanometers are collected. The very high 
voltage sensitivity of the later instruments is noteworthy. 
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20. SEMICONDUCTORS AS 

THERMOMETERS 

S. A. Friedberg 

Carnegie Institute of Technology 

Some Semiconductor Principles 1 ' 

The electrical resistances of metals have found wide application as ther- 
mometric parameters. As we shall see, the electrical resistances of ma¬ 
terials of another class, the semiconductors, may be exploited with ad¬ 
vantage for the same purpose. Before proceeding to a description of such 
thermometers, however, it will be useful to review r the nature of the tem¬ 
perature variation of resistance in both metals and semiconductors. 

The resistivity p of a metal in which current is carried by electrons only 
may be written 1/p = r?_ep_ where r?_ is the number of free electrons per 
unit volume, e is the electronic charge, and is the velocity per unit field 
or mobility of the electrons. Metals characteristically exhibit small re¬ 
sistivities (p r- 1(T 5 or 10 -6 ohm cm at 0°C). That p is so small is readily 
explained by the fact that the electron concentration is quite high (n._ 
— 10 /cm 3 ). Since this number is essentially independent of temperature, 
all temperature variation of p must originate in the mobility. Now' the mo¬ 
bility of electrons in a metal would be infinite and the resistivity zero w'ere 
it not for deviations from perfect periodicity of the crystal lattice which 
serve to scatter the current carriers. These irregularities may be chemical 
impurities or physical defects, in which case the mobility is temperature 
independent They may also result from the slight displacement of ions 
undergoing thermal motion in which case the mobility decreases with ris¬ 
ing temperature. Consequently the resistivity of a metal may be written 

t, pL(r) Where Po I s inde Pendent of T and it is found that pAT) * r 
at high T and Pl (T) .TasT-, 0°K. The p vs. T curves for typical speci¬ 
mens of silver and platinum are shown in the lower part of Fig. 1. The 

temperature coefficient of resistivity, a = ~ , is only about + 3.5 X 

10 3 (K °) -1 for platinum at 0°C. P 

US J? onsider now equivalent characteristics of electronic semicon- 
, C n °' S . Th f? e matenals typically have resistivities at 0°C ranging from 
to 10 ohm cm, considerably higher than those of metals but well 
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Fig. 1 

below the values found for insulators. In the upper part of big. 1 are 
shown p vs. T curves for two typical semiconducting specimens. It will 
be seen that p may rise by several orders of magnitude as the temperatuie 
decreases through a relatively limited interval. r I he temperature coefficient, 
a, of the thermistor shown is about —44 X 10 3 (K°) 1 at 0°C, opposite in 
sign and more than ten times as large as that for platinum. 

It is quite common in these materials for both electrons and positive 

holes to contribute to the conductivity. Thus we may write 1/p = n - e »- 
+ ?i+ep + where n+ and p+ are hole concentration and hole mobility re¬ 
spectively. In general n+ and n_ are much smaller than the carrier con¬ 
centrations found in metals, accounting for the high observed values of p. 
Particularly important, however, is the fact that n_ and n+ usually de- 



SEMICONDUCTORS AS THERMOMETERS 


301 


CONDUCTION BAND 


DONOR IMPURITIES 




INTRINSIC 

(a) 


N 

(b) 

Fig. 2 


ACCEPTOR IMPURITIES 

P 

(c) 


crease quite rapidly with decreasing temperature producing temperature 

changes of p often much more significant than those caused by changes 
of the mobilities, p_ and ‘ 

This most characteristic feature of semiconductors is simply interpreted 
m terms of Wilson’s familiar energy band model. For simplicity, let us 
consider this model as applied to an elementary semiconductor such as ger- 
mamum or silicon. The four valence electrons per atom of such a solid are 
just sufficient in number to fill all the levels of a band of allowed electronic 
<?neigy states. This full “valence” band is separated from a higher empty 

J)5 ‘° n v l ; a "p° f 1 Mo ': ed states b y a S*P of forbidden energies of width 
Aff (~°.7 et for Ge) as shown in Fig. 2a. So long as all electrons remain 
n the valence band the solid is an insulator since, by the Pauli principle 
here are no levels available to which electrons may be raised by an applied 
elect™ field. At any finite temperature, however, some electrons wifi be 

“"T aCI '° SS the gaP h,t0 the induction band XreJhey 

Stv Tn 7 ny emp y States and 80 may ^"tribute to the conduct 
t vity. In an analogous way the holes left behind in the valence band mav 

thatth aS i C r rent CarnerS ' A straightfor 'vard statistical calculation shows 
that the electron concentration in the conduction band as a result of this 

tion, n+ , is left in the valence band ‘ A " 6qUal h °' e 
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mens must be intrinsic. For such materials only thermal vibration scattering 
need be considered in a calculation of mobility. It is found that both m+ 
and are proportional to T~ m . As a result, the resistivity should follow a 
relation of the form p = Ae AEI2kT where A is a constant. The resistivities of 
real specimens of these substances are found to deviate from this simple 
formula as the temperature decreases. A plot of In p vs. \/T reveals for many 
specimens not only a linear portion whose slope gives the intrinsic activa¬ 
tion energy, A E y but also, at lower temperatures, a second linear region 
whose small slope depends on the type and concentration of impurity atoms 
in the solid (see Fig. 3 )y 

The band model accounts for this behavior by assuming that impurity 
addition results in the introduction of energy levels of two kinds into the 
forbidden gap between valence and conduction bands. An atom with five 
valence electrons (e.g., As) will, when substituted for a Ge atom, be left 
with a surplus electron loosely bound to it. The energy level of this electron 
will be slightly below the bottom of the conduction band separated from it 
by a small energy gap, NE D (see Fig. 2b). Such a “donor” level readily gives 
up an electron to the conduction band. Similarly the substitution of im¬ 
purity atoms with three valence electrons (e.g., Al) will result in the crea¬ 
tion of empty levels separated slightly from the top of the valence band by a 
gap of width A E A (see Fig. 2c). Electrons may be excited into these “ac¬ 
ceptor” levels from the valence band leaving behind holes capable of con¬ 
tributing to the conductivity. In Ge A E D ^ A E A ^ 0.01 eY for most sub¬ 
stituents in concentrations <10 1 ' impurity atoms per cm 3 . These values 
are found to decrease systematically with increasing impurity concentra¬ 
tion. Although both acceptor and donor levels may be found in the same 
specimen, generally one type will predominate. Thus impurity conductivity 
is usually predominantly by electrons (n-type) or by positive holes (p-type). 
In practice the sign and concentration of carriers are determined from 
measurements of the Hall effect. 

A calculation of the mobility of current carriers in impure material must 
take into account not only scattering by lattice vibrations but also that 
due to the impurity atoms themselves. Impurity scattering in most semi¬ 
conductors (i.e. those for which the carriers are in low enough concentration 
to obey Maxwell-Boltzmann statistics, the so-called “nondegenerate 
case) is found to be temperature dependent. If only scattering by ionized 
impurities is considered it may be shown that m+ and \i~ are proportional 
to T m . This result together with the one indicated earlier for lattice 
vibration scattering leads to a general expression for the mobility of non- 
degenerate current carriers of the form 1/m = uT 3/2 + wT z where v anc 
w are constants having different values for electrons and holes. 

If there are n D donor impurities per cm 3 of material each giving a donor 
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level A Ed below the bottom of the conduction band then a statistical cal¬ 
culation shows that n_ — 10 8 n D l/2 T 3,A e~* EDl2kT where n_ « n D . A similar 
result is found for n + if acceptor impurities are present. If these expressions 
for rc_ and n+ are combined with expressions given above for the mobilities 
then one finds for the low temperature region where impurity conductivity 
predominates that the resistivity is given approximately as p = Be* tl2kT 
where Ac is A E A or A E D and B depends upon impurity concentration and 
varies slowly with temperature. 

In Fig. 3, In p vs. l/T has been plotted for two silicon specimens. 8 The two 
nearly linear portions of each curve corresponding to intrinsic and impurity 
conductivity are evident and are adequately described by the limiting ex- 
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pressions for p given above. In each of these regions the temperature varia¬ 
tion of p is primarily that clue to the exponential factors describing the ac¬ 
tivation of carriers across energy gaps. It will be noted that the transition 
from impurity to intrinsic conductivity with increasing temperature is often 
marked bv a region in which resistivity increases with temperature. Here 
the carrier concentration is nearly constant, all donors or acceptors having 
been ionized, and the temperature variation of resistivity is controlled by 
that of the mobility. 

The energy band model with whose help we have described some proper¬ 
ties of elementary semiconductors is equally useful in the treatment of 
semiconducting compounds such as ZnO, PbS, SiC, etc. In these materials 
donor and acceptor levels are most commonly associated with stoichiometric 
excesses of metal and nonmetal atoms respectively as well as with the 
presence of foreign atoms. Otherwise their electrical properties are quite 
like those of Ge and Si. 

The simple band model is less helpful in a discussion of many semicon¬ 
ducting compounds of the transition metals, in particular those oxides 
having the spinel or perovskite structures. 9 Detailed theoretical treatment, 
however, lends support to the empirical conclusion that these materials 
also derive their conductivity from the thermal activation of current car¬ 
riers. 


Semiconducting Compounds 


The semiconductors most widely used in thermometry have been metallic 
oxides commercially prepared and sold as thermally sensitive resistors or 
“thermistors.” 10 Those substances whose electrical characteristics are least 
sensitive to impurity content are most commonly used because of their 
reproducibility. Examples of such materials are 9 : solid solutions of Fe 3 0 4 
and poorly conducting spinels such as MgCr 2 0 4 or MgAl 2 0 4 ; sintered 
mixtures of NiO, Mn 2 0 3 , and Co 2 0 3 . These are generally prepared by firing 
the proper mixture of compressed oxides in a carefully controlled atmos¬ 


phere having first formed the material into the desired shape. Contacts are 
often attached by applying a metallic paste to the solid and heating to a 
suitable temperature. Thermistors of three basic shapes are common rods, 
discs, or beads. Bead thermistors are generally less than a millimeter in 
diameter and are mounted on thin leads in a glass envelope which may be 
evacuated or gas-filled as desired. Other types may be used unprotected, 
although stability of characteristics is often improved by the maintenance 

of a constant atmosphere about the thermistor. 

When In p vs. \/T is plotted for typical thermistors, deviations from 
linearity are such as to suggest that P varies with temperature in the manner 
expected of an impurity conductor, p = Be tl2 = B'T e where 
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is a constant, (3 is a small number, positive or negative. Activation energies, 
Ac, are commonly of the order of several tenths of an electron volt indicating 
that these materials will be most useful near room temperature. Taking 

logarithms, the above equation becomes In p = In B' + ft In T + - Ae . 

2kT 

An expression of this form fits the measured curves rather well. In principle 
it should be possible to calibrate the thermistor at several points, deter¬ 
mine B', ft, and Ae, and use the formula to calculate temperatures from a 
measured p value (actually resistances are used rather than resistivities). 
In practice, however, this is complicated by the transcendental character 
of the equation. Fortunately it has been found that for many thermistors 
a simpler equation n ’ 12 of less obvious theoretical significance will fit the 
data over a range of several hundreds of degrees at least as well as the 
formula given above. It may be written In R = P + Q/(T -f- 0) where R 
is the resistance and P, Q, and d are constants. 

As indicated in Fig. 1, the resistances of thermistor thermometers are 
quite large. Their temperature coefficients are negative and often orders of 
magnitude greater than those of platinum thermometers at the same tem¬ 
peratures. This increased sensitivity makes possible the use of simple 
conventional bridge or potentiometer circuits for temperature measure¬ 
ments which, with platinum thermometers, would require special measuring 
equipment. Because of the high resistance of a thermistor the resistance of 
lead wires generally presents no problems. This fact makes it possible to 
operate thermistors at positions remote from the measuring circuit or 
to use lead wires of poor thermal as well as electrical conductivity where 
necessary. As a result of its small dimensions and heat capacity a ther¬ 
mistor generally exhibits a smaller thermal relaxation time than other 
resistance thermometers, making it well suited to rapid measurements of 
varying temperatures. Furthermore, it is often possible to bring ther¬ 
mistor thermometers into much more intimate thermal contact with the 
substance whose temperature is being measured 

m5r?h UCibiIity . “ Stm t0 be the principal problem ^ed in ther- 
nustor thermometry. Thermistors undergo systematic resistance changes 

f or COming , T rC Stab ' e aglng at eleVated 

peratures ( ~1°0 C) for several days or weeks, making preaging essential 
in most thermometric applications. In some instances similar^stabilization 
may be achieved by the passage of currents much larger than the usual 
measuring current through the material for shorter periods ProneHv Z 

and dectricaUy .-formed” thermistors have been found to havSaS 

S TheSii leSS th atiSfaCt0ry Whe " tb6Se thermom ^rs are us Jup toToo^C 
Thermistor thermometers have been used most often in the tempeZS 
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interval —60° to 100°C where they compete favorably for many purposes 
with more familiar instruments. Applications in such diversified fields as 
meteorological thermometry and anemometry, 13,14,15 chemical cryoscopy, 16 
melting point and boiling point determination, 1 ' temperature control, 18,19 
ultrasonic interferometry, 20 etc. have been discussed in the recent literature. 
Since the unusual resistance characteristics of thermistors also have numer¬ 
ous applications in electronic circuitry, their development and manufacture 
have been undertaken by many firms in Europe and America. Detailed 
information about dimensions, normal resistance, temperature coefficients, 
etc. can be obtained from the manufacturers. In some instances, more de¬ 
tailed data such as pressure coefficients of resistance are also available. 21,22 
An excellent survey of thermistor properties and applications has been 
given by Becker, Green, and Pearson. 10 

A few semiconducting compounds other than those commonly used in 
commercial thermistors have also been employed in resistance thermometry. 
One example is U0 2 , 23 thermometers of which were found to be sensitive 
and reproducible in the range 0 to 100°C. Another is corundum, 24 A1 2 0 3 , 
the useful range of which extends to much higher temperatures (850° to 
1100°C) than those measured with practically any other semiconducting 
resistor. Recently, Weil, Peretti, and Lacaze 20 have described thermometers 
of ZnO and their characteristics down to liquid helium temperatures. The 
resistances were prepared by depositing a film of metallic zinc in vacuum 
on a ceramic base between silver contacts and then heating the film in oxy¬ 
gen or air at 400° to 450°C. The resistance of a typical oxide film is about 
5 X 10 5 ohm at helium temperatures and at 2°K is changing about 10% 
per degree. These characteristics may be varied by adjusting the conditions 
under which the film is prepared. The resistances seem to be reasonably 
reproducible and rather insensitive to the presence of adsorbable gas at he¬ 
lium temperatures. The latter effect is quite significant in the case of 
some other low temperature thermometers, as we shall see. As yet no ap¬ 
plication of these thermometers has been described. 

Several manufacturers have recently developed transparent electrically 
conducting coatings for glass which consist primarily of semiconducting 
stannic oxide (Sn0 2 ). Lyon and Geballe 26 have measured the electrical 
resistances between 1° and 300°K of several specimens coated in this 
manner. Those coatings with surface resistivities at room temperature 
ranging from 170 ohms/square to 13,000 ohms/square exhibited large re¬ 
sistivity changes at low temperatures. Between 297° and 77°K the re¬ 
sistances could be represented by expressions of the form R = aT where n 
is negative. The behavior below 77°K was more complicated. The effects o 
applied magnetic fields upon the resistance below 20°K were examine 
and found not to be negligible at helium temperatures for fields of about 
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6 kilo-oersted and above. The thermometric possibilities of these coatings 
would certainly bear further investigation. 

Elementary Semiconductors 

The intensive study in recent years of the elements germanium and silicon 
has probably made these the best understood of all electronic semicon¬ 
ductors. This has been due in large measure to the development of tech¬ 
niques whereby specimens of controlled impurity content may be prepared 
having a wide range of resistance characteristics. It is not surprising, there¬ 
fore, that efforts to obtain thermometers of elemental semiconductors have 
centered on these substances. 

Estermann and his co-workers' 7, “ s have measured the resistivities of a 
large number of n- and p-tj r pe specimens of these materials containing 
various impurity concentrations to temperatures in the helium range. 
Samples of high impurity concentration (>4 X 10 18 centers/cm 3 ) were 
shown to have practically temperature-independent resistivities at these 
low temperatures. On the other hand, samples of low impurity concentra¬ 
tion (<10 centers/cm 3 ) exhibited rapidly rising resistivities with de¬ 
creasing temperature, becoming essentially insulators at liquid hydrogen 
temperatures. These results may be interpreted in terms of impurity ac¬ 
tivation energies which decrease to zero with increasing impurity con¬ 
centration. 

Gerritsen 29 has reported tests of a low impurity concentration p-type Ge 
specimen for suitability as a helium range thermometer. This sample had a 
room temperature resistivity of 7.2 ohm cm and a hole concentration at the 
same temperature of 2 X 10 ,4 /cm 3 . Its resistance at helium temperatures 
pioved to be very high, not very reproducible, and quite sensitive to applied 
electric fields in a manner similar to that noted earlier by Estermann 28 and 
more recently identified as the result of an electrical breakdown effect 
the specmien was considered unsuitable for thermometric purposes. 

With low temperature thermometers as a specific objective Estermann 30 
ias further surveyed the resistivities of other Ge and Si specimens be- 

r~2 e V in” and 2 °-* K Samples 'V th interme< J‘ a te impurity concentration 

ties of ahn„ t nT". y C6nt T /Cm f ° r Ge) and room temperature resist ivi- 
es of about O.lo ohm cm show large temperature coefficients of resistivity 

emneratm T ^ warmi "6 these samples to room 

rempeiatuie was found to be about =t0.01°K. 

^ ^ lese re sults, the author 31 has investigated systematically 
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produced in the crystallization process. Those having about 1.5 X 10 17 
impurity centers/cm 3 and resistivities at 300°K of about 0.08 ohm cm were 
found to have thermometrically useful temperature coefficients of re¬ 
sistivity between 1.6° and 4.2°K. Several thermometer strips (1 cm X 0.3 

cm X 0.1 cm) having a = ^ -1(°K) _1 at 4°K and a ^ -1.8 (°K)~ l 

at 2°K were chosen from this group. Current and potential leads were at¬ 
tached with indium-alloy solder. Temperatures determined with all of these 
thermometers were found to be reproducible to 0.001°K within a given run 
over the whole helium region. Several of these exhibited similar reproduc¬ 
ibility after repeated warmings and coolings over a period of several months. 
When changes in resistance were observed they general^ took the form of 
uniform parallel displacements of the whole resistance-temperature curve. 
Slight surface cracking of the germanium could account for such behavior 
and, in fact, slow cooling has been found to extend the period over which 
these thermometers are stable. Surface strains set up during the soldering 
of electrical contacts may well be a major source of instability. It is interest¬ 
ing to note also that less homogeneous specimens having nearly the same 
room temperature resistivity as these were invariably less stable upon 
recooling. 

Several thermometers of the kind just described, as well as others of simi¬ 
lar composition obtained by the same slicing technique, have been used in 
the determination of heat capacities of solids at helium temperatures. 0 ' 
In practice, satisfactory thermal contact between thermometer and speci¬ 
men has been achieved by clamping the germanium strip to the metal sur¬ 
face, an interposed thin mica sheet providing electrical isolation. The re¬ 
sistance-temperature characteristics of one of these thermometers are 
shown in Fig. 4. A measuring current of 0.01 ma has been used generally 
to minimize power dissipation in the thermometer. This current may be in¬ 
creased by a factor of 10 without materially altering the resistance charac¬ 
teristics, indicating reasonable insensitivity to measuring current variation. 
The applied electric field must not exceed a few volts per cm in any case in 
view of the possibility of electrical breakdown at these temperatures. 4 he 
effects of the adsorption of helium on these resistances are negligible. 

It proves to be impossible to fit the p vs. T data for these thermometers 
with an expression p = ft'T p e StlJcT suggested by impurity semiconductor 
theory. The deviations from this relation suggest that impurity atoms in 
these materials are so numerous that they interact sufficiently to make the 
impurity states nonlocalized, contrary to the assumptions of the simple 
theory. A band of impurity states 33 probably forms, within which conduc¬ 
tion is possible. Conductivity thus becomes a two-band process having a 
rather complicated temperature dependence. Complete calibration curves 



SEMICONDUCTORS AS THERMOMETERS 


369 



have, therefore, been obtained by graphical interpolation using a large 
number of calibration points. This has proven satisfactory in most cases. 
An alternative procedure would be to fit these points approximately with a 
simple equation of the form In p = A + A'/T where A and A' are con¬ 
stants, and to carry out the interpolation on a plot of deviations from this 
expression. 


Scott 34 has examined the suitability of germanium of similar impurity 
content for thermometric purposes at hydrogen as well as helium tempera- 
ures. The results in the helium region parallel those described above. He 

KaIihvm ^ • • . , . ^ ooth curves hydrogen and 

elium calibration points and has suggested that these thermometers may 

have potentialities in the range between 4.2° and 10°K. The lack of a simple 

mathematical expression for these curves at present would seem to be the 
principal restriction on such an application. 

There has as yet been no attempt to apply elementary semiconductors 

pla inlT 7 temper atures above 20°K. The eminent suitability of 

hydrogen regions would be useful. elium and 
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Carbon Thermometers 


Some Properties of Graphite. We now consider the application to re¬ 
sistance thermometry of materials which may exhibit large resistivities as 
well as large negative temperature coefficients and yet may not prove to he 
semi-conductors in the strictest sense of the word. The most important sub¬ 
stances in this category are crystalline graphite (natural and artificial) and 
the carbons which show graphitic properties in varying degrees, usually on 
a microscopic scale. 


Associated with the familiar layer structure 30 of graphite is high aniso¬ 
tropy of many properties including electrical conductivity. In the direction 
normal to the layers of carbon atoms the resistivity is rather high (10 -2 to 
10 9 cm). In directions parallel to the layers, however, the resistivity at 
room temperature is that of a poor metal (~3 X 1(T 4 9 cm). At low tem¬ 
peratures negative temperature coefficients are found, the detailed temper¬ 
ature variations depending on impurity content and the size of crystallites 
comprising a given specimen. 

Recent calculations 36,3 ' of the band structure of graphite provide at least 
a qualitative basis for understanding these properties. It is found that in 
directions parallel to the carbon atom layers the top of a full band of elec¬ 
tronic levels just touches the bottom of the conduction band. Conduction 
in these directions for pure graphite is expected, therefore, to be similar to 
that of an intrinsic semiconductor in the limit of zero forbidden energy gap 
width. Detailed calculation 36 , 38 predicts for pure polycrystalline materials 
that p oc 1/T at low temperatures. Chemical impurities and physical imper¬ 
fections are thought to introduce additional levels in the region of contact 
between full and empty bands with a resultant modification of the tempera¬ 
ture dependence of p. For slightly impure graphite, p may still be expected 
to increase with decreasing temperature over a considerable range but to 
assume finite values at 0°K. Very impure materials would be expected to 
exhibit the properties of poor metals, including positive temperature co¬ 
efficients of resistivity, even to the lowest temperatures. 

Complete experimental verification of the band picture of graphite re¬ 
ferred to here has not yet been given. This is due to the fact that the prepa¬ 
ration of graphite of controlled physical and chemical composition presents 
many problems not yet solved. Artificial single crystals of the material have 
not been prepared, for example. Available data 39,40 on artificial polycrystal¬ 
line graphite of rather high purity do, however, lend qualitative support to 


the theory. 

In the discussion which follows, the temperature variation of the re¬ 
sistance of several kinds of carbon resistor will be considered. In only a few 
instances will this variation bear even qualitative resemblance to that given 
by the band theory. In some cases p will be seen to increase nearly expo- 
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nentially with decreasing temperature, indicating that thermal activation of 
current carriers is taking place. This would appear, however, not to be an 
indication that bulk graphite is actually a simple semiconductor and that 
theoretical prediction is misleading. It may be understood qualitatively if, 
as is generally the case, the graphite particles comprising the resistor are in 
poor contact with one another or with the metal connections. Current car¬ 
riers will have to be excited thermally across significant energy barriers. 
This activation process could produce a temperature dependent resistance 
of the kind observed. Obviously the mode of preparation of a resistor will 
play a most important but ill-defined role in determining its properties. 

Carbon Film Resistors. The thermometric possibilities of carbon resis¬ 
tors are realized at temperatures below ~ 80°K. Giauque and co-workers 41 
as early as 1936 described the preparation and application of graphite rods 
and particularly of colloidal carbon as combined resistance thermometer- 
heaters at helium temperatures and below 1°K. The most useful thermom¬ 
eters, many of which have been used in subsequent heat capacity meas¬ 
urements, are made of carbon black on lens paper attached directly to the 
specimen holder and protected by another layer of paper and collodion. 
Leads of poor thermal conductance, for example, thin platinum films de¬ 


posited on glass, may be used in spite of their high electrical resistance. 
These thermometers are extremely sensitive, have small heat capacities and 
time constants, and may be maintained in good thermal contact with the 
substance being investigated, even below 1°K. While most useful at tem¬ 
peratures below 4°K they may be used for accurate measurements in the 
hydrogen range and for rough work up to liquid air temperatures. Van Dijk, 
Keesom, and Steller 42 have prepared resistances of similar characteristics 
from carbon suspensions in the form of India ink and glass ink. 

The comparative insensitivity of carbon thermometers to applied mag¬ 
netic fields enhances their usefulness in many low temperature investiga¬ 
tions. ’ In some cases the effects of fields up to several kilo-oersted are 
completely negligible. In high fields the fractional change of resistance is 
found to be proportional to H 2 , the proportionality constant being small. 

Recently Giauque and co-workers 43 have examined the properties of ther¬ 
mometers made from carbons of different particle size (from 1.3 X 10 -6 cm 
to 8.3 X 10 cm). In general, reduction of particle size results both in in¬ 
crease m resistance and increase in the negative temperature coefficients 
of resistance for thermometers of similar construction. It was found also that 
the small effect of magnetic fields on the resistance of these thermometers 

the rtrhn tem ^ rat, £ es “™ed slightly as particle size decreased. While 
he carbons used in these studies were dry carbon blacks, other laboratories 

ve since reported similar findings for thermometers fabricated from com 
dag/'toT 611510 " 5 ° f graPhite In Water > alcohol > etc ' (“Aquadag,” “Pro- 
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There are several complications encountered in the use of carbon film 
thermometers of the kind just described. In the first place, their characteris¬ 
tics are usually reproducible only when the thermometers are kept at or be¬ 
low hydrogen temperatures. Resistance changes occur when they are 
warmed to room temperature and recooled. These changes may beattributed 
to fragility and, more specifically, to the presence of water, alcohol, etc. in 
the carbon layer which may cause damage on freezing or melting. Problems 
of another kind develop if the thermometer must be exposed to helium gas 
in the liquid helium range or to hydrogen gas at liquid hydrogen tempera¬ 
tures. Adsorption of these gases produces systematic resistance changes 
whose magnitude and sign depend upon the gas pressure. These changes are 
not negligible at gas pressures usually employed for heat transfer purposes. 
In some cases it has proven possible to exclude gases from the carbon by the 
application of protective plastic layers. For example, Lacaze and Peretti 44 
report that graphite layers deposited from an isopropyl alcohol suspension 
and covered with polystyrene are rather insensitive to gases at low tempera¬ 
tures. Such treatment, however, does not seem to improve the reproducibility 
of the thermometer. 

Commercial Carbon Resistors. Recently much attention has been di- 
rected toward the thermometric application of commercially prepared car¬ 
bon resistances. Fairbank and Lane 40 have described thermometer-heaters 
made from the carbon-coated phenolic plastic cards used in the manufacture 
of variable resistances. Such cards are available with nominal resistances 
between 25 ohm and 0.5 megohm per square at room temperature. The 
thermometers may be cut in any desired shape and leads may be soldered to 
metal contacts deposited directly on the carbon films. The phenolic base is 
~ 0.03 inch thick so that the final assembly can have a rather small heat 
capacity and yet be quite rugged mechanically. 

Originally these resistances were used as transmitters and detectors in 
second sound experiments in which they were in direct contact with liquid 
helium. Presumably thermal contact could be achieved in other situations 
by lacquering or pressing the thermometers to the object whose temperature 
was to be measured. It is interesting to note that between 1° and 2°K Fair- 
bank and Lane found the resistance of these thermometers to be propor¬ 
tional to 1 /T, as would be expected for pure graphite. Such simple behavior 
is seldom found for resistances fabricated of carbon black. 

Clement 46,4 ‘ has surveyed the low temperature behavior of several types 
of commercial carbon composition radio resistors in an effort to find sensitive 
thermometers whose characteristics would be reproducible upon warming 
and recooling. Resistors manufactured by the Allen-Bradley Company uere 
found to exhibit consistently high sensitivity and reproducibility. A syste¬ 
matic study was made of representative resistors in the one-watt size ha\ ing 
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nominal room temperature resistances between 10 ohm and 270 ohm. It 
was found that, the resistance at low temperatures (from 2° to 20°K) as well 
as the negative temperature coefficients of resistance increased with nominal 
resistance values. Low temperature resistances become prohibitively large 
for resistors nominally rated above 270 ohms. Typical temperature coeffi¬ 


cients of resistance, 


1 dR 
R dT' 


are about —0.1 per K° at 10°K and —1.0 per K° 


at 3°K. 

To reduce the heat capacity of a resistor and to insure optimum heat 
transfer the plastic cover was removed by grinding. Electrical insulation and 
thermal contact with metals were achieved by lacquering the ground resis¬ 
tors into holes bored in the objects whose temperatures were being deter¬ 
mined. Once in place, it was found that these thermometers were capable of 
temperature measurement reproducible to within ±0.1% at both helium 
and hydrogen temperatures with repeated warmings and recooling between 
observations. 

The resistance-temperature characteristics of the Allen-Bradley ther¬ 
mometer below 20°K may be described rather well by a relationship of the 
kind given earlier for simple impurity semiconductors. The reason for this is 
not immediately obvious. Starting from this fact, however, Clement has de¬ 
veloped a semiempirical equation relating the resistance R and temperature 


logio R -T 


K 

logio R 



where A , B, and K are experimentally determined constants. The form of this 

equation is such that it may be solved explicitly for either variable and the 
best values of the constants determined with minimum effort. Temperatures 
calculated with the equation from resistance values were found to be within 
±0.5% of the measured temperatures in the helium and hydrogen ranges. 
Using constants determined by calibration at helium and hydrogen tem¬ 
peratures, temperature measurement in the region between 4.2° and 10°K 
thus becomes feasible. 


The resistance of a carbon thermometer of this type is found to be slightly 

trib’t’Jtnth 6 V * ki°k ‘ he m ? SUrinS CUrrent em P'°y ed - This may be at 

relt tv K f T CmperaUlre 8 radi e»ts in the thermometer 
as a result of the poor heat conductivity of the carbon/ 3 Time constants in 

this case are larger than for the carbon film thermometers but still small 

enough for most applications. The variation of resistance with magnetic 

Th Un f 'h bC SUS , ht and ’ aS f ° r ° ther carbon thermometers 
th n f ,' T u 6 fundamental similarity of the Allen-Bradley resistor and 
the colloidal carbon film resistors has been further demonstS by Clem 
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ent. 4 He finds that the sensitivities of resistances of both types vary with 
temperature in much the same way, Allen-Bradley resistors behaving as 
would films of rather small particle size (-3X 10" 6 cm). The superior re¬ 
producibility of the Allen-Bradley resistors presumably results from the 
bonding and forming technique employed in their manufacture. 

Similar findings have been reported by Brown, Zemansky, and Boorse 50 
using Allen-Bradley resistors of the H-watt size. They have described their 

calibration curves by an equation of the form logiotf = A + ^ + ~ 2 - DT 2 

where A, B, C, and D are empirical constants determined at helium and hy¬ 
drogen temperatures. Interpolating by means of the equation, they have 
measured temperatures over the entire range from 2° to 20°K. More re¬ 
cently, Worley, Zemansky, and Boorse 51 have used another four-constant 

equation logioft = A' + — + C' logi 0 T + D'7 74 to represent the calibration 


curves of b^-watt and one-watt Allen-Bradley resistors. They have deter¬ 
mined the constants A' } B\ C' } D' by calibrating the thermometers against 
the vapor pressure of liquid helium between 1.8° and 4.2°K as well as at the 
hydrogen triple point (~ 14°K). The temperature scale thus established was 
found to differ from the accepted helium vapor pressure scale between 4.2° 
and 4.8°K. These investigators have suggested that the accepted vapor 
pressure-temperature relation is actually in error in this region. New vapor 
pressure data do, 52 in fact, reduce this discrepancy. The lack of complete 
agreement, however, suggests that caution must be exercised in the use of 
an interpolation formula between 4.2° and 10°K in measurements of high 
accuracy. 

Clement et al. AS have examined the behavior of Allen-Bradley resistors at 
temperatures below 1°K reached by the adiabatic demagnetization of a 
paramagnetic salt. Satisfactory thermal contact was achieved by cementing 
the resistor into a copper sleeve whose threaded end was screwed into a 
metal block forming one end of the fin about which the salt was compressed. 
The resistance was obtained as a function of salt temperature above 0.15°K 
by measuring the susceptibility of the salt and assuming Curie’s law to 
hold. A thermometer, nominally 2.7 ohms at room temperature, exhibited a 


resistance of 2 X 10 6 ohms and a temperature coefficient, ^ of about 


— 10 (K°) _1 at 0.3°K. Below this temperature thermometry with such a 
resistor becomes impractical. The lower limits of the useful temperature 
ranges of resistors of higher nominal value lie still higher. Within their use¬ 
ful ranges, however, these thermometers display essentially the same re¬ 
producibility found above 1°K, their calibration curves being still well repre¬ 
sented by Clement’s semiempirical equation. 
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Less sensitive thermometers usable at temperatures below 0.3°K have 
been made from commercial carbon resistors of other kinds. These include, 
for example, ones cut from I.R.C. resistance card (see description above), 
I.R.C. J^-watt radio resistors of nominal 1500 ohm value, and Erie J4-watt 
resistors nominally rated at 100 ohms. 53 A thermometer of the latter type 
exhibited resistances of only about 180 ohms at 1.2°K and 285 ohms at 
0.1°K. Such a flat resistance-temperature characteristic contrasts sharply 
with those of the Allen-Bradley resistors and reflects differences in construc¬ 
tion. Such differences are further emphasized by the fact that these less 
sensitive thermometers are generally less reproducible from run to run than 
the Allen-Bradley resistors. Their characteristics are, however, usually re¬ 
producible so long as the thermometers are kept at low temperatures. In 
the case of one I.R.C. J^-wat-t resistor the necessary recalibration during 
each run was facilitated by the fact that from helium temperatures down to 
0 3 K the resistance was very nearly proportional to 1/T, rising more rap¬ 
idly with decreasing temperature below 0.3°K. Such behavior suggests that 
above °.3°K the resistance is that expected of rather pure bulk graphite, 
while below 0.3°K the resistance is dominated by an activation process 
probably associated with energy barriers separating graphite grains from 
one another or from the metal contacts. .4s was noted earlier, the I.R.C. 

card resistance varies with temperature in a similar way at least over a 
limited range. 

Wlule calibration of carbon thermometers below 1°K is usually done by 

sahand the e , aSU,e f m T tS ° f magnetic susceptibility of the paramagnetic 
sa t and the use of a temperature-susceptibility relation, another possibility 

exists. Howling, Darnell, and Mendoza” have demonstrated that a carbon 

ermometer may be calibrated directly in terms of the absolute thermody 

lamic temperature scale by what amounts to carrying the system consisting 

namic cydes^The' <W g °°, d th< i rmal COntact) through a series of thermody- 
“J ,eS - . 3re d ° ne between s °me known temperature T near 

relation dQ^T^Xh^yLTiLTn' 1163 ° f T determined from the 

(dQ\ 

rp __ \dR/ tf-Q 

(dS\ 

\dRJn^ Q 

sistance^corre^onding to 6 ^ 66 3S a ther, " od y namic Parameter. The re¬ 
magnetization from a given valu™of/// t' , aohle ^_ ed &!ter adiabatic de- 

mtensity) may be measured and a valu/of th ^7 H ‘V '® magnetic fiel d 
sentially that of the salt! at r , ? entropy 5 of the system (es- 

Salt; at 7 ma y be calculated as a function of H/T <. 
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Repeated demagnetizations permit the determination of an S-R curve 
and so of (dS/dR) H =o values. The corresponding ( dQ/dR) u .o values may be 
measured at the low temperatures by observing the resistance changes pro¬ 
duced by adding known amounts of heat, dQ\ the resistor itself may be used 
as a heater if conditions permit. This procedure is, of course, made practical 
onl}' if the thermometer need not be recalibrated frequently. Furthermore, 
although susceptibility measurements themselves are not made, the sus¬ 
ceptibility of the salt at 7\ must be known before the entropy can be cal¬ 
culated. Thus nonreproducibility of salt properties can seriously affect the 
calibration just as it might if the conventional method were employed and 
temperatures corrected to the absolute scale. Giauque 54 has recently pub¬ 
lished a critical analysis of the problem of determining absolute tempera¬ 
tures below 1°K. He emphasizes the difficulties inherent in techniques such 
as that just described in which heat must be added below 1°K and describes 
a method involving no heat introduction at these temperatures. A detailed 
discussion is given of the role of carbon thermometer-heaters in present and 
future work in this region. 

Templeton and MacDonald 50 have recently reported a systematic study 
of the temperature variation of resistance as well as thermal noise in carbon 
resistors of the “Erie” brand referred to prevously. The survey covers the 
range from 2° to 290°K, resistors used being of the J^-watt size. It is found 
that those having nominal (room temperature) values between 10 and 500 
ohms contain significant graphite inclusions produced during manufacture 
and exhibit rather small temperature coefficients of resistance. Those with 
nominal resistances between IK & and 1 M ft are composed of “amorphous” 
carbon and have much larger temperature coefficients. An analysis of resis¬ 
tance-temperature curves for resistors of both groups reveals two effective 
activation energies, ~ 10 -3 eV and ~ 10 -5 eY, associated with mechanisms 
operating in parallel. These are presumably contact effects of the kind men¬ 
tioned earlier since they appear not to be characteristic of either type of 
bulk carbon found in resistances of the two groups. 


Thin Metallic Films 

Very thin layers of many metals deposited by evaporation or sputtering 
in vacuum on glass exhibit electrical resistances whose temperature varia¬ 
tions are much like those of semiconductors. In at least one instance the 
large negative temperature coefficients of resistance of such films have been 
used in thermometry at low temperatures. While thin films could not be said 
to play a significant role in present-day practical thermometry it seems ap¬ 
propriate to cite very briefly some of their characteristics. For details of re¬ 
cent work in this field reference should be made to the publications of van 
Itterbeek and co-workers 56 , 67 , 68 and those of Mostovetch and Vodar. 

Films of most metals (e.g. noble metals, nonferromagnetic transition me - 
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als) thicker than a few hundred Angstroms have resistivities whose magni¬ 
tude and temperature variation are roughly those of the hulk metal. Films of 
these metals only a few Angstroms thick, however, exhibit both large re¬ 
sistivities and negative temperature coefficients. Their resistivities are 
usually described as functions of temperature over an extended range by 
the equation given for impurity semiconductors, the activation energies 
being strongly characteristic of the composition of the layers and their 
thickness. For thicker films, not yet exhibiting typical metallic properties, 
the temperature dependence of resistivity conforms to no simple relation. 
The characteristics of these films and their reproducibility depend strongly 
on the method of preparation, the presence of adsorbable vapors, and, in 
some cases, on aging and annealing. 

Films of ferromagnetic metals, in particular nickel and iron, appear to ex¬ 
hibit negative temperature coefficients of resistivity at greater thickness 
(1000 A and below) than those mentioned above. The resistance vs. tem¬ 
perature curve of a typical “thick” film (400 A) exhibits a minimum at a 
temperature which is lower the thicker the film. Below the minimum, the 
resistance, R, may often be represented as R = const /T n where n is less 


than one. Nickel films of this type, having temperature coefficients A ^ 

— 5 X 10 3 (K°) 1 at helium and hydrogen temperatures, were found to be 
reasonably stable and were used as thermometers by van Itterbeek ct al 67 

Very thin films of these metals behave in essentially the same manner as 
those of nonferromagnetic elements. 

Information about the structure of these metallic films is, at present 
rather incomplete and as a result the theoretical interpretation of their 
properties is uncertain. Available x-ray and electron diffraction results 61 
indicate that they are, in many cases, noncrystalline, consisting of small 
aggregates of atoms separated rather widely from one another. It is reason¬ 
able to assume that thermal activation makes possible the transfer of elec- 
roiis from one aggregate to another producing a conductivity similar in 
temperature variation to that of a simple semiconductor but probably quite 
different in detail. Gorter" has suggested that the strong reduction in re 

thfresult of the 6 the n PP lied ***** field is 

tne result of the suppression of the potential barrier which is nictured ns 

epara mg the Custers of atoms. A qualitative estimate of the size of the 

effect does in fact agree rather well with the experimental results thus lend 

ststjss; fi£: fied model currentiy used to d - ribe ^ 
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whose properties at least resemble those of semiconductors. Particular 
emphasis has been placed on the properties of these resistances at tempera¬ 
tures below 20°K in view of the present need for a thermometer (or ther¬ 
mometers) which could serve as a practical standard in this range as does 
the platinum thermometer at higher temperatures. Carbon composition 
resistors of the Allen-Bradley type would seem to possess most of the 
properties expected of such a thermometer. For particular laboratory 
applications, however, there is still a need for thermometers with other 
characteristics. We may expect, therefore, that necessity will stimulate 
further investigation of temperature-sensitive resistances for thermometric 
use in all ranges. 

The large variations with temperature of the resistances of semicon¬ 
ductors are due primarily to the temperature dependence of the carrier 
concentration, as we have seen. This mechanism can be shown to account 
also for strong temperature dependence of many other semiconductor 
properties such as thermoelectric power and transistor action. Potentially, 
at least, there are several thermometric parameters associated with semi¬ 
conductors other than the electrical resistance which could be developed 
for practical application. The steps taken in this direction have so far been 
only exploratory. 
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Discussion by J. R. Clement* 

Dr. Friedberg has noted that the carbon-composition thermometer 
(actually a commercial radio resistor), while not strictly a semiconductor, 
behaves in a manner strongly reminiscent of semiconductors. A reasonably 
complete survey of the low temperature characteristics of one brand of 
these resistorsf was made a few years ago by Quinnell and myself. 1 During 
the past year or two, similar resistors have found fairly wide use as low 
temperature thermometers in many cryogenic laboratories. Thus the oppor¬ 
tunity exists for various workers to “compare notes” and so to determine, 
for a larger sampling of the resistors than Quinnell and I were able to use, 
whether the properties we reported are generally observed. In discussions 
with other workers, I find rather general agreement that the properties are 
as we reported, although some have questioned the reproducibility of cali¬ 
bration after the resistor has wanned to room temperature and been re¬ 
cooled. 

Therefore I should like to remark briefly on this question of reproduci¬ 
bility, and in doing so, I wish to recall the conditions of our measurements. 
The first of these conditions is that we used one-watt resistors. Our choice 
of the one-watt size was not entirely arbitrary, although it seems that a 
specific statement of our reason has never been published. During our 
preliminary experiments in which we were investigating the sensitivity 
and reproducibility of various resistors, we studied both one-half-watt and 
one-watt Allen-Bradley resistors. While our experiments were by no means 
thoroughly conclusive, it appeared to us that the one-half-watt size was 
not so reproducible as the one-watt-size. Specifically, we found, in cycling 
resistors between liquid nitrogen and liquid helium boiling at atmospheric 
pressure, that the variations in the indicated temperature of the boiling 
helium were about twice as large for the one-half-watt size as for the one- 

* Cryogenics Branch, Solid State Division, Naval Research Laboratory, Washing- 
t0n f Manufactured by the Allen-Bradley Company, Milwaukee, Wisconsin. 
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watt size, the variations for the one-watt size being 0.002 to 0.003°K. The 
one-half-watt resistors have been used by many workers and it seems rea¬ 
sonably well established that the resistance-temperature characteristics of 
this smaller size parallel those of the one-watt size. 2 If our initial observa¬ 
tions are valid, however, it may be that the apparent failure of some 
thermometers to reproduce their calibrations is due to differences in con¬ 
struction. It may also be worth noting here that we have made no study 
of the reproducibility characteristics of the two-watt size, although we do 
know that its resistance-temperature behavior is very similar to that of 
the one-watt size. The Allen-Bradley Companj r has begun recent ly to manu¬ 
facture a one-tenth-watt resistor which, because of its remarkably small 
physical size, may be used in many experiments where the larger ones can¬ 
not. (Its actual dimensions, after a surface insulation has been dissolved 


away, are roughly 2 mm in diameter and 4 mm in length.) We have found 
that this resistor also has a resistance-temperature behavior similar to the 
one-watt, and a reproducibility certainly better than 0.05°K in liquid he¬ 
lium, although no careful study of reproducibility has been made. 

The second condition of our measurements which I want to recall is the 
fact that the resistors are sensitive to the amount of power developed as a 
result of the measuring current. The basic cause for this effect seems to 
lie in the low thermal conductivity of the material from which these re¬ 
sistors are constructed. 3 We were careful, therefore, to reproduce very 
closely the voltage drop across the resistors during the various calibrations. 
For essentially the same reason, our measuring apparatus was designed so 
that the resistors were not exposed to any external radiation. 

The last two conditions of our specific measurements which I wish to 
mention are that the resistors were not allowed to come into contact with 
helium, either liquid or gas, at any time during the calibration experiments 
nor were they moved betw'een calibrations in the sense of being detached 
and reattached to the same or new r apparatus. 

Under these conditions, we found no evidence of any systematic chance 
n calibration as large as a few thousandths of a degree during two runs in 
liquid hydrogen and three runs in liquid helium, the resistors warming to 

om temperature in the interval of approximately one week between each 
Of the individual runs. 


Two measurements of greater precision concerning this same question 

w h :r; dU( ' lblll ‘T haV6 reslllted from some calorimetric measurements in 

the tra 7 re T were Used “ thermometers. In some work on indium* 
the transition temperature from the superconducting to the normal state 

Wd’TVheZ ^ T rate exp ™ ts - the temper^ vl 

chan™ * ’^ h transition temperature can be determined by the sudden 

£t T V f h6ating due to the discontinuous change in specific 
• n the report describing these results, a possible error in the transition 
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temperature thus determined was given, based on estimated maximum 
uncertainties in calibration. However, if the same data are analyzed with 
the aim of determining the reproducibility of resistance at the transition, 
it is found to be equivalent to a little less than 0.001°K. Similar results are 
found by analyzing some calorimetric data on lead 5 in the same manner, 
the uncertainty in exact reproducibility being about twice as large. These 
experiments indicate a possible nonreproducibility of resistance for the 
resistors of an amount equivalent to less than 0.001 °K at 3.4°K and less 
than 0.002°K at 7.2°K. In both these results, conditions similar to those 
outlined above were imposed during the measurements, except that the 
calorimeter cans had contained helium exchange gas evacuated in the 
usual way. 

Finally, I should like to add a short comment on one of the primaiy 
problems of any resistance thermometer, that of converting resistance 
values to temperature values. Quinnell and I found a three-constant equa¬ 
tion which fitted closely enough the actual resistance-temperature curve of 
these resistors that, with the equation plus a temperature difference curve, 
a reasonably accurate conversion of resistance to temperature was possible. 1 
How'ever, further experience with these resistors has led to a much simpler 
and more rapid scheme for accomplishing this purpose. The scheme is based 
on the fact that the equation 



= a -f b log R 


where a and b are adjustable constants, comes very close to representing 
the behavior of these resistors. The slight failure of the equation can be 
accounted for by allowing the “constant” a to be actually variable, a 
smoothed curve of a vs. log R (R is the resistance) being constructed from 
actual calibration data. For a given measured value of R } the smoothed 
value of a is read from this curve, this smoothed value of a substituted 
into the above equation, and the equation then solved for T , the tempera¬ 
ture. I might add that the smoothed curve of a vs. log R seems to be a 
rather easier curve to draw in the interpolation region between 4.2°K and 
10°K than an equivalent temperature difference curve resulting from the 

three-constant equation. 
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Introduction 


It is well known that for sound propagation in an ideal gas, the sound 
velocity, c, is related to the Kelvin temperature, T, by Eq. (1), 


2 

c = 


y R 
m 


T. 


( 1 ) 


Here y is the specific heat ratio, R the universal gas constant, and in the 
molecular weight of the gas. This relationship provides a means of deter¬ 
mining temperature through sound velocity measurements. 

The system considered here for measuring c consists of two transducers, 
spaced at a known distance, with circuitry for continuously measuring the 
delay time, r, of an ultrasonic wave generated by one, and received by the 
other. Such a system has the following advantages: 

(1) A temperature reading at time t is influenced only by the state of the 
gas during the delay time, r, probably on the order of one millisecond 
Therefore, very rapid temperature changes may be followed. 

(2) The thermometer element, being the gas itself, cannot be heated by 
radiation to give erroneous readings. 

(3) “Exponential lag,” normally caused by the heat capacity of the ther¬ 
mometer element, is absent. A possible disadvantage is that point tempera- 

ure is not measured, but instead an average temperature over the path 
between transducers. ^ 

Equation (1) must be applied with caution. It is derived from Eq (2) 

fl Jd S Wh eXpreSsi ° t n for , the velocit y ° f ^mall-amplitude, plane waves in a 
fluid with no viscosity or heat conduction, 


C 2 = ?E 

dp 


( 2 ) 


Equation (1) follows from Eq. (2) for the ease of adiabatic sound propaga- 
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tion in an ideal gas, where 

p = (constant)p 7 , ( 3 ) 

and p is the gas density. If an actual medium differs significantly from an 
ideal gas, sound velocity may be calculated from the equation of state. 1 

For many purposes, the ideal-gas assumption is adequate, but y must be 
regarded as a function of the sound frequency used, because of the observed 
dispersion of sound velocity with frequency. 2 An example of one type of 
dispersion is the behavior of C0 2 at around 25 kilocycles per second. 

Barrett and Suomi'’ have described a system for measuring temperature 
in this manner, in which the repetition rate for a train of sound pulses be¬ 
tween two transducers was determined by the delay time. Sound velocity 
and temperature were calculated from the repetition rate. 

System Description 

The system described in this paper depends on the principles stated above 
but extracts the temperature information in a new manner. In the system 
described by Barrett and Suomi 3 the repetition rate of a train of sound 
pulses is determined by the delay time between transducers which, in turn, 
is determined by the sound velocity and the spacing of the transducers. 
Thus, a frequency measurement is made to determine temperature. 

The system described here uses a fixed frequency signal propagated be¬ 
tween two transducers spaced a known distance apart. This distance may 
correspond to many wavelengths of the sound frequency used; in fact, one 
application of the system depends on the spacing being many wavelengths. 
The temperature measurement is made by noting the phase difference be¬ 
tween the transmitted and received signals at a known initial temperature 
and noting the manner in which the phase changes as the temperature 
varies. If the temperature change is large enough to cause a change in phase 
greater than 2tt radians it becomes necessary to count the number of times 
the phasemeter output repeats if ambiguous readings are to be avoided. 
Several schemes for accomplishing this are described later in the paper. 

In one form this system uses a bistable multivibrator to measure the 
phase difference between the voltages appearing at the transmitting and 
receiving transducers. A block diagram of this system is shown in Fig. 1- 

The oscillator supplies the driving power to the transmitting transducer 
which launches an ultrasonic wave into the medium whose temperature is 
to be measured. After passing through the medium, the wave is received 
by the receiving transducer, amplified, amplitude limited, differentiated, 
and applied to one grid of the phasemeter multivibrator. The negative 
pulses from this differentiated signal are used to trigger the multivibrator. 
By filtering out the high-frequency components, a sawtooth output voltage 
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PHASE DIFFERENCE —RAOIANS 

Fig. 2 


is obtained as a function of phase difference. The output voltage repeats for 
every 360 degrees phase shift, as shown in Fig. 2. 

The radian phase shift between transducers is 


c 


(4) 


where d is the spacing and / the sound frequency. Since we assume that 
Eq. (1) applies, then 


rji i 

yw ■ ® 

Filtered output voltage as a function of temperature is plotted in Fig. 3 a 
using parameters specified. Figure 3b emphasizes the fact that increasing 
and decreasing temperatures generate different voltage waveforms. 

Equation (4) allows only for phase shift due to the gas. If in addition 
there is an electrical phase shift in the circuit or transducers, the entire 

oh^f Z f‘ g ‘fi!' “ b u displaced t0 the ri S ht or left. A correction may be 
obtained for this effect by calibration at a known temperature 

nuf The r ‘ S , eVeral ValU6S of T P roduca * given phasemeter out- 

r, b ' de - 

k e no°™ n the f ° U * pUt . volta ? e is maintained, and the initial temperature Is 

nown, the ambiguities disappear. Output voltage, for instance nmv h* 
isplayed on an oscilloscope screen and photographed * Y 

Reference to Fig. 3a shows that a change of about G°I< results in a change 


Alfmd 2 f 
yR<t > 2 
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Phosemeter Output vs Temperoture 
d = 10cm., f = 400kc. 

(Q) 



Fig. 3 


in phase of 2tt radians. If d or / is increased the phasemeter output repeats 
for smaller temperature increments. An indication of temperature change 
can thus be obtained by noting the number of repetitions the phasemeter 
output has made. The product of d and / is chosen to give the desired resolu¬ 
tion. For high resolution the transducer spacing must be many wavelengths. 

Continous Temperature Indication 

A promising method for measuring temperature continuously and resolv¬ 
ing the ambiguities has been proposed by Henry P. Kalmus. 4 It avoids the 
use of limiters, phasemeter, and auxiliary photographic equipment. 

Consider the block diagram of Fig. 4. Voltage c 0 2 is derived from the trans¬ 
mitting transducer voltage, c 0 i • Voltage e 02 lags Coi in phase by 90 degrees, 
but has the same amplitude. If 


Coi = E oi cos wo tj 


then 


Cq 2 = Eoi COS (wo t — 7r/2), 



where w 0 is the angular sound frequency. Using the two mixers, ni\ and m 2 , 
the receiver voltage, e r , beats with both eoi find cq 2 , where 

e r = E r cos [w 0 f — 4>(T)]. P) 

Then if E r « E oi , the mixer outputs are, after detection 

Cml = E ml COS <t> (T) 


( 8 ) 
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x-mitter Receiver 



Fig. 4 


and 


From Eq. (5), 


Cm2 — E m 1 cos [<t>(T) — x/2]. 



«T) = * “ 2^/ /j/5 ■ 

The voltages e w i and e m2 are always separated in phase by 90°, but the sign 
of their phase difference depends upon the rate of change of <j>(T). A vector 
diagram of these voltages is shown in Fig. 5. If these voltages are applied 
to the field coils of a synchronous motor, the motor will make one complete 
revolution each time <f>(T) changes by 2x radians. The direction of rotation 
of the motor is determined by the direction of the change of <f>(T) and thus 
of temperature. If the angular rotation of the motor is integrated over some 
period of time and the initial temperature at the beginning of this period is 
known, the end temperature will be indicated by the integrated rotation 
o the motor and the instantaneous temperature will be indicated by the 
m egrated rotation at that instant. This then provides a means of making a 
recording thermometer with a fast response. 


Sound Intensity Measurement 

( , m ' V " lmp0rta ‘ lt apphcation of this system of temperature measurement 

meLurinTfh H ^ eteCt ^ variations in temperature is that of 
measuring the adiabatic temperature variation produced by a sound wave 

propagated in a gas. The measurement is in no way limited to that of sound 

gi For y ver gaSeS “ apP ‘ icable to an y sma11 temperature variation of a 
gas. For very small temperature variations, the measurement is facilitated 
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e 0 . = Eoi cos cuot 

Go2 = Eoi COS «Jot-y 2 ) 

6r = Ercos (oj o t — <#» (t)] 
emi = Emi cos 4 >( j ) 
em2 = Em2 cos [V(t)-%] 
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Fig. 5 


E 




when the variations occur at a regular rate so that synchronous detector 
techniques can be employed. 

If the equilibrium temperature is 7’ 0 as shown in Fig. 6, variations from 
T~ to T + can be measured rapidly and without ambiguity provided that the 
temperature variation does not result in a phase shift of more than 2tt radi¬ 
ans in the measuring wave and provided that T 0 produces a phase condition 
that does not cause the phase extremes to span one of the discontinuities in 
the phasemeter output characteristic. For small temperature changes, the 
relationship between phasemeter output, E+ , and temperature, T, is very 
nearly linear. A sinusoidal temperature fluctuation will, therefore, result in 

a sinuosidal phasemeter output voltage. 

The system has been used with a synchronous detector to measure the 
adiabatic temperature variations produced by a sound wave in air. Figure 7 
shows the arrangement used. A plane wave of frequency, /i, is propagated 
in the positive X direction. Two transducers are placed in this sound field 
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with a line joining their centers making an angle a with the X-axis. An 
ultrasonic wave of frequency / is propagated between these transducers. 

The effective velocity of propagation of the high-frequency / wave in the 
X direction is 


c x — c cos a 

The velocity of propagation of the low-frequency/, wave in the X direc¬ 
tion is c, giving a relative velocity in the X direction between the two waves 
of 


c — c r = c( 1 — cos a). 
The transit time between the two transducers is 


d 

r = —. 

c 

During the time r the high-frequency wave moves relative to the low- 
frequency fi wave by 


6 = co,r(l — cos a) radians. 

The instantaneous temperature of the low-frequency /, wave at a 
in space is given by the expression 



point 


— To + (57 7 ) m cos coit 



where T„ = equilibrium temperature, and (ST) m = peak value of the 
temperature variation. 

The average temperature seen by the high-frequency f wave is 



0 1,, C0St °i*1 d(coiO 


= To + (ST) 


m 


^ Mir(l — COS a) \ 

mr(l - cos ~a) S ‘ n ( " l< + «) 


( 12 ) 
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Equation (12) shows that the average temperature seen by the high fre¬ 
quency/ wave varies cyclicly at the frequency of the/i wave. The tempera¬ 
ture excursions are greatest for a given amplitude of the/! wave when a is 
zero. For this special case Eq. (12) reduces to Eq. (11). 

Let us now determine the effect of T on the signal at the receiving trans¬ 
ducer. The velocity of propagation of the high-frequency / wave can be 
written as a function of gas temperature: 

c ^ T) = \/~- a) 

If the temperature variations due to the low-frequency j\ wave are con¬ 
sidered and (8T) m « T 0 , 

c(T) = Co[l + Ml< ] • (13) 

Equation (13) holds for a = 0. If a ^ 0 then Eq. (12) must be used for the 
temperature. 

The high-frequency / wave may now be considered as a wave propagated 
through a medium having a varying velocity of propagation resulting in a 
varying delay time between transducers. The voltage at the receiving trans¬ 
ducer can be written: 

e = E cos c o(t — r), (14) 

where r is the delay time between the transducers. From Eq. (13), r can be 
written: 


T = 


(cT) 


d 

Co 




To + 


(*T) 

2 


m 


COS 0)1 1 


If (8T) m « 7’o this can be written as follows: 

T = n [ l -^7 «*»,<]. (15) 

If this is now substituted in Eq. (14), the result is 

e = E cos [.(, — ro) + cos 

This represents a phase modulated signal having maximum phase deviation 
of 


o) d(8T) m 


2coT 0 


radians. 
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The peak temperature change, (67’) m , is related to the peak pressure 
change, (8p) m , by the equation: 

(ar)m = it 1(17) 

where v = volume occupied by one mole of gas under existing conditions. 
Absolute sound intensity is given by 



Sound intensity in terms of (57’) m is then found to be 


= mXnRyf 

2 pcv'-(y - iy 



A similar analysis could be made for spherical or cylindrical waves, or 
for airy known sound field, from which the sound intensity is calculable. 
For sound fields of unknown distribution, however, measurement of “excess 
temperature” does not permit intensity to be calculated. For instance, the 
temperature fluctuation exists for a standing wave, although its intensity is 
zero. In this respect, measurement of 8T is similar to measurement of 5p, 
as it should be since they are proportional. 

Figure 8 is a block diagram of the setup used to measure the adiabatic 
temperature change in a sound wave. The 1000-cps oscillator drives the 
loudspeaker and furnishes a reference voltage to the synchronous detector. 
The transducers are placed in the sound wave in such a way that the angle 
a of Fig. 7 is zero. The transmitting transducer is driven by the 400-kc 
oscillator which also furnishes the reference signal to the phasemeter. Phase- 



Fiq. 8 
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meter output, an alternating voltage at a frequency of 1000 cps, is detected 
in the synchronous detector and indicated on the meter. 

The sound field was measured with a standard commercial sound level 
meter. The results obtained through the measurement of temperature varia¬ 
tion agreed with the reading of the sound level meter within the accuarcy 
of the instruments used. 
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22 . TEMPERATURES IN ATOMIC 

EXPLOSIONS 
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1. Introduction: An Intermediate Situation between a TNT Ex¬ 
plosion and a Star 


Atomic explosions are in reality nuclear explosions because energy is 
released by a nuclear reaction in which nuclear bonds are broken, and 
protons and neutrons are rearranged to form other nuclei. In dynamite 
and TNT explosions the energy is released by a chemical reaction—an 
oxidation reaction—in which chemical bonds are broken and atoms are 
regrouped. The initial high temperature of a TNT explosion is about 
5000°K; in atomic explosions it is of the order of 10 to 50 million °K. The 
heat of explosion of TNT is 2.0 X 10 5 calories (200 kcal) per mole of TNT, * 
whereas the heat of fission of U 235 or Pu 239 is 4.5 X 10 12 calories per mole, or 
20,000,000 times greater. The initial high temperature of an atomic explo¬ 
sion, however, is only 2 to 10 thousand times that of a chemical, TNT 
explosion. There is therefore a rather large difference between the ratio of 
energies released and the ratio of temperatures attained in the two kinds 
of explosions. In other words, while the temperatures reached in atomic 
explosions are, indeed, very high they are not as high as might be antici¬ 
pated by one unfamiliar with high temperature physics, on the basis of 
the high energy release in an atomic explosion. 

The temperatures of atomic explosions may be compared with the 

irI?n^ atUreS in the interiors of stars which range from 10,000,000° to 
UU,000,000°K. The source of stellar energy is nuclear, also, so that atomic 

explosions are in a general way similar to the interiors of stars. However 

stars are characterized by a steady-state situation, the very opposite of 

n explosion. A steady state, impossible for an atomic bomb because of its 

extremely high temperatures and explosive pressure, is possible in stars 


v in! he i he - at ° f combustion of TNT, 2,4,6-CHi-CeHj* (NO*) 
X 10 calories (821 kcal) per mole of TNT. TNT does not cont 
plete_oxidation. 


is larger. It is 8.21 
enough O* for com- 
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Table 1 . Ax Approximate Energy Balance in Million Electron Volts 8 

per Nucleus of U 236 Fissioned 


Kinetic energy of fission fragments 162 mev 

Kinetic energy of neutrons 6 

Instantaneous gamma-ray energy 6 


Energy released promptly 174 mev 

Delayed radioactive decay energy 21 


Total energy release 195 mev 


8 An electron volt (1.60 X 10 11 erg) equals the kinetic energy acquired by an electron falling through a 
difference of electric potential of 1 volt. The energy of 1 mole (6.02 X 10 3 ) of electronsfallingthrough 1 volt is 
23.1 kcal. 


because of the huge gravitational and compressive forces. A similarity of 
stars and nuclear explosions is evidenced by a like manner of escape of 
energy by diffusion of radiation, from the very hot core of a star, on the 
one hand, and from the core in the fireball of a nuclear explosion, on the 
other. 


2. The Energy Release 


When U 236 and Pu 239 nuclei are fissioned by slow neutrons, 89 per cent 
of the available energy is released promptly, and 11 per cent is set free 
after the explosion as energy of beta and gamma rays produced in the de¬ 
layed radioactive decay of the fission fragments. See Table 1. When fissioned 
by the fast neutrons produced in atomic bomb explosions, the energy dis¬ 
tribution is somewhat different from that given in Table 1 but the general 
principle is the same: a very great release of energy in a restricted volume 
in a very short time. 

The energy released by the A-bombs dropped on Hiroshima and Nagasaki 
was equivalent to the energy released in an explosion of 20 kilotons (2 X10 4 
tons) of TNT. The source of information on which this paper is based, 
“The Effects of Atomic Weapons,”* describes effects of a 20-kiloton fission 
bomb. Larger and more efficient bombs (from the point of view of energy 
release per kilogram of fissionable bomb-substance) have been made and 
tested since World War II. The energy release of the thermonuclear H-bomb 
is discussed in terms of megatons (10 6 tons) of TNT. 


* “The Effects of Atomic Weapons,” prepared by a board of editors, J. O. Hirsch- 
felder, Chairman, Arnold Kramish, David B. Parker, Ralph Carlisle Smith, and 
Samuel Glasstone, Executive Editor, under the direction of the Los Alamos Scientihc 
Laboratory, for and in cooperation with the U. S. Department of Defense an e 
U S Atomic Energy Commission. This reference is the source of all figures in tins 
paper with the exception of Fig. 5. Another important source of information: “Source 
Book on Atomic Energy” by S. Glasstone, D. Van Nostrand Company, Inc., iVeN 


York, 1950. 
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The energy released in an explosion of a 20-kiloton A-bomb is 2 X 10 13 
calories. This release results from the fission of 1 kilogram (2.2 pounds) of 
U 235 if all U nuclei are fissioned. Since the density of U-metal is 18.7 g/cm 3 , 
1 kilogram of U has a volume of 53.5 cm 3 (about 3 cubic inches). All of the 
U 235 or Pu 239 charge of a bomb is not fissioned, but figures on fission effi¬ 
ciencies are unavailable, classified data. We may be certain, however, that 
the 2 X 10 13 calories is released in a small volume so that the energy density 
is very high when the nuclear reaction is complete—of the order of 10 11 
cal/cm 3 . 

A fission explosion is completed in a few X 10 -8 second. In a time this 
short, the high pressures in the nuclear core do not have time to produce 
an appreciable dispersion of the bomb case or nuclear core because any 
displacement which is of the order (acceleration) X f 2 , must be very small, 
even though the accelerations are very great, since t is so very small. At 
the instant of completion of a nuclear explosion, therefore, practically all 
the energy released is confined in the original volume of a few cubic inches. 

3. The Initial State Immediately after the Nuclear Reaction 

In spite of the very short duration of the nuclear reaction there is an ap¬ 
proach to thermal equilibrium in the nuclear core of the bomb so that 
before an appreciable dispersion of the bomb can take place there is ap¬ 
proximately equilibrium distribution of energy between matter and elec¬ 
tromagnetic radiation. At temperatures of 10 million degrees K, U atoms 
and ions move with mean speeds of the order of 3 X 10 6 cm/sec, and elec¬ 
trons with speeds of the order of 2 X 10 9 cm/sec. Hence, in a time as short 
as 10 second, electrons and ions collide a very great many times in matter 
with a density of 5 g/cm 3 (the normal density of U is 18.7) at 10 7 degrees 
K; this is necessary for equilibration of the energy of matter and radiation. 

At temperatures of 10 million degrees K, atoms of low atomic weight are 
ionized down to bare nuclei. Atoms as heavy as U-atoms are stripped of their 
electrons down to the L-shell and there is even appreciable ionization of the 
L-shell. As a consequence of this heavy ionization, the number of free parti¬ 
cles, capable of gas-like motion and absorbing kinetic energy 3kT/2 } is 
many times the number of neutral U-atoms. Instead of a gas-kinetic pres¬ 
sure and specific heat of p = NkT/V and C v = 3Nk/2 } respectively, where 
A'is the number of neutral atoms introduced in the bomb core, we have p — 
N kT/V and C v = 3N'k/2 where N' is 80-90 times N. The kinetic energy 
of the free electrons is a large reservoir for energy released in the explosion. 
But just the freeing of electrons by ionization of atoms and ions involves the 
absorption of a large amount of energy and contributes greatly to the heat 
capacity of the bomb core. Electronic excitation of ions also makes a large 
contribution to the heat capacity. Taken together, ionization of atoms and 
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ions, electronic excitation of ions, and kinetic energy of free electrons make 
the high temperature thermal capacity of the nuclear core very large, in¬ 
deed, and limit the initial temperatures reached in a nuclear explosion. This 
is the explanation for the large difference, referred to in Section 1, between 
the ratio of the initial temperatures reached in the atom bomb and TNT 
explosions, on the one hand, and the ratio of the energy releases, on the 
other. 

Ordinarily, the heat capacity of electromagnetic radiation is ignored be¬ 
cause it is so very small. The heat capacity of black-body radiation is 


d_ /4 energy 

dT \c ) cm 3 -deg K 



where c is the velocity of light, and a is the Stefan-Boltzmann constant. 
At 10,000,000°K, however, this heat capacity is appreciable, and at temper¬ 
atures above 60,000,000°K it is so large that the ordinary heat capacity of 
matter may be neglected in comparison with it. 

The equations for the pressure P and density of energy E in a nuclear 
core, assuming a condition of equilibrium between the particle motions and 
the radiation, are: 


P (megabars) = 9G5 ~~ T + 467 4 (3.2) 


E (megajoules/cm 3 ) = 145^= T + 13.7 T* (3.3) 

where p is the ordinary density in grams/cm 3 , T is temperature in kilo- 
electron volts, and A is the average atomic weight (grams per mole) of free 
particles. 

_ average atomic weight of chemical elements 
— average number of free particles per atom 

The bar is a pressure of 10 6 dynes/cm 2 and is approximately equal to normal 
atmospheric pressure; hence a megabar is approximately 10 atmospheres. 
A temperature of 1 electron volt is 11,600°K and a temperature of 1 kilo- 
electron volt is 11,600,000°K. 

Equations (3.2) and (3.3) for the pressure and energy density contain 
two terms: the first is for the translational motion of free particles, and the 
second for the radiation. There follows a comparison of free particle and 
radiation properties at three different temperatures for an assumed value 
of p/A equal to 7 moles per cm 3 . Strictly, p/A is a function of T also, but 
this has not been introduced in the comparison that follows: 

For T ~ 11,600,000°K (i.e. 1 Kev): 
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particle kinetic pressure 
radiation pressure 



kinetic energy of free particles 
radiation energy 

For T ~ 34,800,000°K (i.e. 3 Kev): 



particle kinetic pressure . 

-;-; - /"■**/ *± 

radiation pressure 

kinetic energy of free particles 
radiation energy 

For T ~ 58,000,000°K (i.e. 5 Kev): 


particle kinetic pressure 8 

radiation pressure 10 

kinetic energy of free particles 4 

- - - - - — _ 

radiation energy 10 

In thermonuclear (H-bomb) explosions, temperatures in excess of 5 Kev 
must be reached because at lower temperatures the rate of the thermonu¬ 
clear reaction would be so slow that dispersion of the matter and energy 
would proceed faster than the nuclear reaction. 

The importance of thermal radiation in atomic explosions is shown by the 
fact that about a third of the energy released in the explosion escapes from 
the bomb as thermal radiation. Most of this release of radiation occurs at a 
later stage after some expansion and cooling of the fireball, as will be ex¬ 
plained later. But, in TNT explosions, temperatures are much lower 

(~ 5000°K or 4 to 5 X 10~ 4 Kev), and consequently, there is comparatively 
little radiation. 


4. The Radiation-Front Expansion of the Fireball for 100 Micro¬ 
seconds 

After the nuclear reaction, the small fireball starts expanding and dis¬ 
persal of the bomb proceeds. From the preceding discussion, it is clear that 
this begins with a small (few cubic inches) core at a very high pressure and 
energy density. In the first 100 microseconds (10 -4 sec) after detonation of a 
nominal 20-kiloton bomb, the fireball expands by a radiative process, that 
is, the radiation advances faster than the material or pressure shock front. 
Escaping radiation is absorbed by the surrounding matter, first by the bomb 
case and later by the atmosphere outside. The case and surrounding atmos- 

P f!u e, r? d t0 a high tem P erature b y th e absorbed radiation, become part 
ot the fireball and enlarge it. It is not surprising that the radiation expands 
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faster than the matter in the fireball because the linear speeds of material 
particles cannot exceed the speed of light (3 X 10 10 cm/sec), no matter how 
high the temperature is. However, at a later stage of the fireball growth (at 
10 -4 sec) a material pressure-shock leaves the fireball and runs ahead of the 
front of the escaping electromagnetic radiation. This occurs in spite of the 
fact that material speeds cannot exceed 3 X 10 10 cm/sec. It is the physics 
of this interesting reversal of rates of propagation of the fireball that 
forms the principal part of this paper. 

The radiation front during this first 100 microseconds is at the outer sur¬ 
face of the fireball. Radiation escaping the front is absorbed in the immedi¬ 
ately surrounding atmosphere raising it to the high temperature of the 
fireball surface of which it then becomes a part. As the radiation front thus 
expands, there is a radiative transport of energy from inside the fireball to 
its surface that proceeds by absorption of photons and reemission of them by 
radiatively excited ions, repeated many times with a very high frequency. 
The direction of reemission of a photon by an excited atom or ion bears no 
relation to the direction of travel of the incident absorbed photon. Photons 
travel broken paths through the fireball, in the emission-absorption-reemis¬ 
sion cycle, resembling the random-walk trajectories of gas particles in ther¬ 
mal motion. The speed of a photon, therefore, is not 3 X 10 10 cm/sec in a 
long straight line; it is 3 X 10 10 cm/sec along a very broken line. Photons, 
therefore, flow to the surface by the comparatively slow diffusion process 
described by the diffusion equation, well known in theoretical physics: 




where rj is the density of photons, i.e., the number per unit volume, D is the 
diffusion constant for photons in the fireball and V 2 is the differential La- 
placian operator equal to (d 2 /dx 2 + d 2 /dy 2 + d‘/dz 2 ) for Cartesian coordi¬ 
nates.* The photon density, 77 , is related f to the radiation density, 4 al /c. 
Equation (4.1) is closely related to the well-known equation for heat con¬ 
duction : 


dT 

dt 


pC 


v 2 r = d t v 2 t 


(4.2) 


V 


* Here, the use of polar coordinates is more natural because of the spherical sym¬ 
metry of the fireball. In polar coordinates: 

3 2 

dtp 1 

t The density of photons in the range d\ is (t\/hv)d\ = ( \t\/hc)d \, "here ex is the 

f 
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total-radiation, AaT*/c 


I, 


e\ d\. 
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where k/pC v is the thermal diffusivity, D T . 


The familiar wave equation: 


1 d 2 e 
c- dt 1 


(4.3) 


where 8 is the electric intensity and c is the velocity of light for propagation 
of radiation through nonabsorbing space, is not valid here. There are limita¬ 
tions here on the validity of Eq. (4.1)—for example, on the magnitude of 
the fractional change in rj within a photon mean free-path, and the hy- 
(Irodynamical expansion of the fireball—but the use of Eq. (4.1) for the 
semiquantitative treatment here appears justified. 

The kinetic theory value for the conductivity, k\ of a gas is (}i) pC v lv t 
where l and v are, respectively, the mean free path and the mean speed of 
gas molecules in thermal motion. Hence, for the thermal diffusivity of a gas: 


D T = k/ P C v = lv/ 3 (4.4) 

The diffusion constant D v for photons in Eq. (4.1) is, by analogy, equivalent 
to lc/ 3, where c is the velocity of light and l, the mean free path of photons 
in the fireball, that is, the mean distance of travel between emission and ab¬ 
sorption. 

The heat flux by conduction is: 


(heat flux) = kXT = 



V(pC v T) 


= D t VE 

where V is the gradient operator, which in Cartesian coordinates is: 



(id/dx jd/dy + kd/dz ) 

By analogy, we write for the fireball 


(radiation flux) = DyV (radiation density) 


-Mt'") 


JVT 4 


(4.6) 



The mean free path, l , of a photon is equal to the reciprocal of its absorp¬ 
tion coefficient, /x, in the equation: 


/ = Ioe~ MX = he~ xn ( 4>7) 

Mean free paths of the photons may, therefore, be calculated from absorp- 

rirr™* Th !, absorption curve 111 2 for long wavelength 

radiation in normal air does not fit the fireball situation. In the early de- 
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v:-MPf;<A-TURF PRESSURE .. 

Fig. 1. A qualitative representation of the variation of temperature and pres¬ 
sure in tlie ball of fire. 

velopment of the fireball, the energy mean wavelength of the fireball radia¬ 
tion is in the soft x-ray region. This is apparent from the values in Table 
2 of the wavelength, X m a X , of maximum energy density of black-body radi¬ 
ation. 

The photoelectric absorption of soft x-rays between the wavelength 
limits of the different x-ray series (Iv, Li , Ln , etc.) is proportional to X . 
There are large changes in the absorption at the limits of these diffeient 
series so that over a range of X’s from 0.1 to 100A, involving absorption in 
several of these different series, the absorption coefficient ^ is more nearly 

proportional to X‘, or 

3 2 

H (per bound electron) ~ (const) Z X , 


(4.8) 
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Fig. 2. The absorption coefficient of radiation as a function of wavelength for 
air at normal temperature. 


Table 2. Values of X mftx Calculated from the Wien Displacement Law 

wr = 0.290 cm deg K 


T° K 

Xmax In A 

10’ 

2.9 

10 6 

29 

10 s 

290 

10< 

2900 


where Z is the atomic number. Setting the mean X of the photons in the 

reball proportional to l/T (Wien displacement law), which is only an 
approximation, we have ^ 


l ~ (const) Z~ z T 2 


(4.9) 


These relations, (4.8) and (4.9), 
bound, ionized electrons scatter, 


were formulated for un-ionized gases. Un- 
or deflect, photons but do not absorb them. 
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The scattering cross sections of these electrons are small compared with 
the absorption coefficients of the bound electrons. Since the degree of ioniza¬ 
tion increases with T , the second power of T in Eq. (4.9) is to be regarded 
as a lower limit for a highly ionized gas. In air at standard density (1.29 
g/liter) and 1,000,000°K, the mean free path of the thermal photons is esti¬ 
mated to be of the order of a few tenths of a centimeter. 

Equation (4.6) for the flux of radiation energy now becomes 


(Radiation flux) ~ (const) T^VT 4 

~ (const) T°VT 


(4.10) 


A comparison of this equation with Eq. (4.5) for the heat flux is interest¬ 
ing. Whereas the heat flux is proportional to the gradient of T , the radiation 
flux is proportional to the gradient of T 6 or to T° times the gradient of T. 
This has two interesting consequences: 

(1) The growth of the fireball is dependent upon the diffusion of radia¬ 
tion from the interior to the surface of the fireball. As the fireball expands 
it must cool since the energy released by the explosion is filling an increasing 
volume. Consequently, both the temperature T and the gradient of T in the 
fireball decrease. Equation (4.10) show's that the flux of radiation to the 
surface of the fireball must diminish, and the rate of growth of the fireball, 
also. It is understandable, therefore, that at a later stage of fireball growth 
the rate of advance of the radiation front will be smaller than the speed of 
an air or pressure shock. This occurs 10 -4 second after detonation when the 
radius of the fireball is about 50 feet and its temperature is 300,000 K. A 
pressure shock, moving at a speed of the order of 50,000 ft/sec, leaves the 
radiation front and advances ahead of it. The radiation front inside a sur¬ 
rounding pressure shock front continues to expand but at a decreasing late. 

The fireball continues to cool as it expands. 

(2) From Eq. (4.10) it is clear that the flux of radiation through a spheri¬ 
cal surface, of radius r, in the fireball, around the center of the explosion, is 

proportional to 

W.ll) 

dr 


The flux through concentric surfaces is approximately constant if Ar/r « 1. 
This allow's one to write if r is large: 

r 2 T s = const (4.12) 

dr 


w'hich yields on integration 


rT 6 = const 


(4.13) 
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This equation (4.13) is not valid near the center of the explosion where the 
flux is approximately proportional to the volume enclosed, nor within one 
or two photon mean free paths of the outside surface of the fireball where 
the diffusion equation (4.1) is not valid. However, within these limits rT 6 is 
approximately constant, which means the temperature inside the fireball 
varies slowly with r, that is, as \/r' IG . This is consistent with the small varia¬ 
tion of temperature inside the fireball shown at the top of Fig. 1. Figure 1 
shows, also, that at 10 -4 second the pressure inside the fireball is only 
slightly dependent on r. The equalization of pressure inside the fireball must 
be rapid since the velocity of sound is proportional to y/T and the tempera¬ 
ture is high. 

Figure 1 shows that the high temperature of a fireball is propagated with 
a very steep temperature gradient at the surface of the fireball and an ap¬ 
proximately uniform temperature inside. This is in marked contrast with 
the propagation of a high temperature through a solid which takes place 
with a long, gently sloping gradient extending from the high temperature 
center into the cool regions. There is a twofold reason for the difference: 
the thermal diffusion constant for ordinary heat conduction is not much 
dependent on T and the driving force for heat flow is the gradient of the first 
power of T t whereas for very high temperature radiation, the diffusion con- 
stant is proportional to T 2 and the driving force proportional to the gradient 

Of !l m 


It is interesting to consider here the escape of photons from the surface of 

the fireball because the escaping radiation has a distribution equivalent to a 

black-body temperature that is seven times the temperature of the fireball 

Escaping photons come from a surface layer of the fireball about one mean 

free path, l, thick. Long wavelength photons have short Vs and come from 

thin surface layers, whereas short wavelength photons have long Vs and 

come from thick layers. The temperature of the fireball rises from a value 

close to zero outside the radiation front to a value close to the inner fireball 

temperature within a thickness of only a very few Vs. Hence the short wave- 

ength photons escape from strata at a much higher temperature than do the 

long wavelength photons. The density of long wavelength photons increases 

proportionally to T (the Rayleigh-Jeans law) whereas for short wavelength 

photons the increase is exponential (e ' IT , the Wien law). Hence short 

wavelength radiation escapes from a region where the density of its photons 

is very great as compared with the density of the long wavelength photons 

at their prmc.pal place of escape. The fireball, therefore, grows principal^ 
through the escape of short wavelength photons. Principally 

ne m j lght ® x P e ct that the apparent surface temperature of the fireball 
leasured with visible light, would be very high but this is not th^ 

Instead of being of the order of 1,000,000°K, the apparent surface tempera- 
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TEMPERATURE (°K) 

Fig. 3. The fraction of black-body radiation penetrating normal atmosphere as a 
function of the temperature of the ball of fire. 


ture is of the order of 20 , 000 °K—not greatly different, from the apparent 
surface temperature of the sun which is about 7000°K. The reason is that 
the short wavelength radiation is absorbed by the atmosphere between the 
fireball and observer. 

Figure 2 is a graph of the optical absorption of normal atmosphere. The 
atmosphere is transparent to visible and ultraviolet light down to X ~ 
1860A. At shorter wavelengths, the absorption rises rather abruptly and 
remains high down to the x-ray region where the atmosphere is partially 
transparent. Figure 3 is a diagram of the fraction, / 0 , of black-body radia¬ 
tion penetrating great thicknesses of air. This fraction was calculated using 

the equation: 




(4.14) 


where € X is the Planck function 


€\ = 


87 rhc _ 1 _ 

V /ic/(e ur — 1 ) 


(4.15) 


It will be noted in Fig. 3 that /„ is essentially unity for tem p er a tu r es less 
than 10,000°K. Thus the apparent surface temperature of the fire ° a 
the order 20,000°K for the first millisecond after detonation of a 20 -luloton 

bomb. 
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At the end of the first stage of the expansion of the fireball (at 10 -4 sec) 
when a material, pressure shock front breaks away from the radiation front, 
the luminosity (i.e., the luminous flux) of the fireball at a distance of 6 miles 
(9 km) is approximately 100 times that of the sun as seen at the earth’s 
surface.* 


5. The Luminous Pressure Shock: Second Stage of Fireball Growth 

At about 10 -4 second after the detonation of a 20-kiloton bomb when 
the temperature of the fireball has fallen to about 300,000°K, the diffusion 
velocity of radiation inside the fireball has decreased to the point where 
the speed of a pressure shock is greater than the rate of propagation of 
the radiation front. At this point, the pressure shock moves ahead of the 
radiation front. The pressure in the shock at this time is very great, of the 
order of 3,000,000 pounds per square inchf or 200,000 atmospheres, and 
it heats the atmosphere through which it passes to incandescence. 

The pressure of the shock declines as the shock advances and heats to 
incandescence the air it engulfs. This comes about because the overpressure 
(or energy) of the shock is partly dissipated in heating air, and because the 
remainder is spread over a growing spherical surface (the shock front). 
Finally, when the radius of the fireball is about 300 feet, the overpressure 
has fallen to about 3000 pounds per square inch, or 200 atmospheres, and 
is no longer able to heat the air to luminescence. This is the end of the 
second stage of fireball expansion, 0.015 second after detonation when the 
surface temperature of the fireball is 2000°K. 

During this second stage of expansion of the fireball, the visible surface 

of the fireball is the pressure shock front. The pressure shock continues its 

travel even after it is too weak to heat air to incandescence, and it leaves 
behind the visible fireball. 


Figure 4 is a graph of the surface temperature and radius of the fireball 
as a function of time, starting at or near the beginning of this second stage 
o expansion. This stage extends to the minimum of the temperature curve 
where the pressure shock breaks away from the fireball 

Somewhere inside the fireball, behind the luminous front of the pressure 
s ock (see Fig. 5), the radiation front continues to advance. This advance 
is, of course, slower than that of the pressure shock. Inside the radiation 
ront, the temperature is high and so nearly uniform (rT« = const) that 

n “'hl Urae t K Un ° S T S ref6rred t0 “ an isothermal s Phere. Photons Leap 

ng the isothermal sphere are absorbed in the shock-heated (but compara- 
tivdy cool) spherical shell between the isothermal sphere and the pressure 
shock front. This shock-heated air is very opaque tothe radiation escaping 

•See page 25 ia “The Effects of Atomic Weapons” (op. oil) 

-££s»■» »p.«»>. 
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TIME (sec.) 

Fig. 4. The temperature and radius of the ball of fire as a function of time after 
the explosion. The second stage of fireball growth begins at 10 -4 second, and the 
third stage at 0.015 second. 

from the isothermal sphere. Consequently, the radiation from the isothermal 
sphere diffuses into the pressure-shocked air—a comparatively slow process 
—which explains why the radiation front of the isothermal sphere expands 
comparatively slowly and the temperature gradient in the radiation front 

remains relatively sharp. 

The pressure is practically uniform across the radiation front and 
throughout the fireball except at the shock front where it increases in the 
manner characteristic of shocks as may be seen in Fig. 1. As the shock 
front expands and the pressure inside falls, the movement of very hot gases 
through the radiation front reduces the temperature gradient in the radia¬ 
tion front. 
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A 



Fig. 5. A schematic, sectional diagram illustrating the position of the radiation 
front inside the pressure shock front. A marks the position of the radiation front, 
and B the pressure shock front. The spherical shell between these two fronts is 
cooler than the volume enclosed the radiation front. 


The apparent temperature of the fireball for a distant observer does not 

exceed 20,000°K because of atmospheric absorption as explained at the 

end of Section 4, but actual surface temperatures are very much higher as 

Fig. 4 shows. When the temperature of the shock front falls below 20,000°K, 

the real and apparent surface temperatures approach coincidence which is 
realized at about 9000°K. 

When the pressure shock breaks away from the fireball, 0.015 second 
after detonation, at the temperature minimum in Fig. 4, the fireball seen 
at a distance of 2.6 kilometers (1.6 miles) appears as bright as the sun, if 
the atmosphere is very clear. A foggy or dusty atmosphere scatters light 
and reduces the brightness of the observed light from the fireball. 


6. The Final Stage of Fireball Growth 

The final stage of fireball growth begins when the overpressure of the 
shock front has become too weak to heat to incandescence the air engulfed 

./ 1 t . he ri J i ront ' At this time the fireball has finished adding atmosphere to 
itself. The further increase in the size of the fireball, shown by Fig 4 re- 

sults from the adiabatic expansion of the fireball which is at a pressure of 

2°0 atm^pheres at the time of the breakaway of the shock front from the 

fireball. The shocked air between the fireball and the shock front, that is 

T ™f TZ u° m iS trans P arent t0 the radiation from the fireball so 
ti *nf T b A' ° b ®! rved throu S h a clear atmosphere without modifica- 

he firehlV^ ^ 011 ' J aPt T e,lt and rea ‘ tem P eratures of the surface of 
tne fireball are, therefore, m close agreement. 

The interesting feature of this last stage of fireball growth is the second 

UTonml th PeratUre ( 7 f°ul ) and ,Umin ° Sity °' 3 Second deto- 
, , . \ ^ the pressure shock breaks away from the fireball the verv 

hot isothermal sphere, bounded by its radiation front, is well below the 
Vrable surf -e of the fireball. The isothermal sphere conquest compara! 
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lively slow growth by dillusion of photons and in time reaches the outer 
surface of the fireball. This occurs at 0.5 second, the time of the second 
maximum in temperature. At this time, the temperature inside the fireball 
is practically uniform. 

After this second temperature maximum the surface temperature of the 
fireball falls slowly as the fireball cools. There is some further expansion of 
the fireball, the maximum radius 450 feet being reached 0.5 second after 
detonation. At 3 seconds, the luminosity is decreasing rapidly. 

It is interesting that 99 per cent of the third of the energy of the explo- 





BALL OF FIRE 


SHOCK FRONT 


DIRT 

CLO'JO 


MACH 

FRONT 


Fig. 6. The ball of fire touching the ground, and the shock front soon after it has 
broken away from the wall of fire, in the “Trinity” test at Alamogordo, N. M. in 
1945. The Mach front is due to a reflection of the shock front at the ground. 




Fig. 7. Illumination from the ball of fire as a function of time after the explosion. 
The ordinates represent trT'R* (where R is the radius of the fireball) which is the 
radiation flux (or illumination) per unit solid angle. D is the distance of an o server 
from the fireball. A “sun” is a flux of energy equal to 0.032 cal cm - sec * nc 
supposed to be the energy received from the sun at the top of the atmosphere. 
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sion that is lost by radiation, is lost in this last stage of fireball growth, 
that is, after the temperature minimum. In spite of the extremely high tem¬ 
peratures in the first stage of fireball growth and the quite high surface 
temperatures during the second stage, only one per cent is lost during these 
two stages. The explanation lies, in part, in the very short duration, 0.015 
second, of the first two stages, whereas the third stage continues for 3 
seconds. 

Figure 7 is a diagram of the fireball luminosity as a function of time. 
It emphasizes the great difference between the luminosities of the fireball 
at the temperature minimum and second maximum. The ratio of luminos¬ 
ities is 1/300, showing how striking the temperature minimum and second 
maximum must be. Some people are able to detect the minimum of luminos¬ 
ity visually in spite of its very short duration. It is very obvious in slow 
motion pictures. 

7. The Rising Cloud 

Three seconds after detonation the fireball has started its ascent through 
the atmosphere, and its luminosity is declining rapidly (compare with Fig 
7). The upward motion accelerates and at 10 seconds reaches a maximum 



sion. The tocaTor r c ou ^ atta ' nin e a hei ght of 5 miles after an atomic explo¬ 
re gases above the ™ h at T 1 * C ° nsiStS ° f myria<is of sma11 ic <= crystals; 

water vapor in the atmosnh°° m . eX n and and are conse< l ue '' u y cooled, thus causing 
p m tne atmosphere to be converted into ice. 
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speed of 300 ft /sec at a height of 1500 feet. By this time the luminosity of 
the fireball is almost gone. 

Figure 8 is a picture 300 seconds after detonation when the top of the 
cloud has reached an altitude of 26,000 feet. The fireball cools as it expands 
adiabatically in its ascent , and mixes with ambient air. Clouds rise to greater 
altitudes, 40,000 to 70,000 feet depending on atmospheric conditions. 

8. Conclusion 

We have discussed here man’s approach to a controlled production of 
stellar temperatures. For an understanding of the physics involved in the 
thermal phenomena thus created, we were obliged to look to the interior 
of stars. The temperatures generated are far beyond any other terrestrial 
experience, but the most remarkable feature is the radiative propagation 
of heat by the diffusion of photons. The dominance of the thermal properties 
of radiation over the thermal properties of the matter at very high tempera¬ 
tures—at the temperatures of thermonuclear explosions, for example—is 
one of its most interesting features. It shows that the very great rate of 
increase of the energy density of radiation, proportional to T 4 , imposes a 
kind of practical limit for us on the highest temperatures attainable. 



23 . IONIZATION MEASUREMENTS AT 

HIGH TEMPERATURES 


W. Lochte-Holtgreven 

Kiel University, Germany 


Introduction 


In an interesting paper piesented to the second Temperature Symposium, 
Mohler 1 has concluded that, in a monatomic gas, conditions of a discharge 
may be described by four different kinds of temperature: 

(1) The electron temperature which gives the kinetic energy of the 
electrons. 


(2) The gas temperature which gives the kinetic energy of the atoms. 

(3) The excitation temperatures which determine the population of the 
different excited states. 

(4) The ionization temperature which gives the number of electrons 
per cm 3 . 


Mohler points out that at low pressures and currents the electron temper¬ 
ature is high and the gas temperature is low. With increasing current density 
and with increasing pressure the electron temperature drops and the other 

temperatures rise, until all temperatures approach the temperature of 
thermal equilibrium. 


From this interesting picture of the properties of an electric discharge 
", e ^ turn t0 the recent development of high temperature research. We 
s all find that the means of obtaining high temperatures in electric dis¬ 
charges depends upon the current density, the constriction of the discharge, 
and the pressure of the gas. The parameters are just the same as those 
mentioned by Mohler for making the temperature more uniform, i.e 
making the system approach thermal equilibrium. We therefore expect it 
o be fairly easy to describe the properties of gases at high temperatures. 

t least the temperature is expected to have a very definite meaning, the 
temperature of thermal equilibrium. B 

C ° nSider the techni< l ue of Producing high temperatures and 
later see how to measure these. 
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The Production of High Temperatures in Electric Discharges 

The Free Burning Arc. The electric arc has been used very success¬ 
fully in high temperature research. The ordinarily used low current free 
burning arc between carbon electrodes has a gas temperature in the axis 
of about 6000 to 8000°K, considerably greater than the temperature of 
the electrodes which reach only about 4000°K. 2 Increase of the load leads 
to the Beck-type arc. This type of arc appears to have a “contracted” 
column, yet the contraction produced by magnetic forces is small. In spite 
of the small contraction the heavy load causes the temperature in the axis 
of a Beck-type arc to reach a value of 15000°K, whereas about 9000° has 
been found in the anode flame. 3 

However, the free burning arc is strongly contracted near the cathode. 
Whatever the ultimate cause of this phenomenon may be, near the cathode 
spot the whole load of the arc is transported through a very restricted cross 
section and this results in an enormous rise in temperature. Busz and Fin- 
kelnburg measured about 30,000°K in the region quite close to the cathode 
of a free burning arc in air. 4 (500 amps D.C. 12 volts, length of the arc 2 
mm; the arc was burning between a tungsten rod as cathode and a copper 
plate as anode, both water cooled.) 

The Constricted Arc. Both methods mentioned to produce high tem¬ 
peratures make use of increased current density. Following this procedure, 
the contraction of the arc’s column has been increased greatly by mechanical 
means. In 1922, Gerdien forced the arc to burn through a narrow hole in a 
strongly cooled heat-resistant material. 6 A further step in this direction 
has been achieved by Maecker by forcing the arc to burn through a narrow 
“water-pipe”. 6 In this latter case two effects combine to raise the tempera¬ 
ture. First of all the pipe consisting only of water may be very narrow in¬ 
deed, thus enforcing a very strong tightening of the arc. The water will 
evaporate but can be replaced with high speed by running water. Secondly 
the arc is cooled most effectively in its outer parts. In consequence the outer 
parts of the arc are cold and nonconductive; therefore the inner column 
must have a higher temperature to carry the current. The voltage gradient 
along the axis of the arc rises to values of 200 to 300 volts/cm; with currents 
of 200 to 1500 amps the load reaches 4.5 X 10 5 to 1.1 X 10 7 watts/cm 3 . 
In this case the temperatures reach almost 50,000°K. It should he empha¬ 
sized, however, that this method does not permit one to increase the 
temperature indefinitely. The rapid evaporation of the “water-pipe 
causes water vapor to be produced and to be ejected violently along the 
axis of the arc. The limit of operating such an arc was set by the destruc¬ 
tion of the arc’s housing as soon as the velocity of the ejected stream reached 
the velocity of sound.* Moreover the increase in temperature, most effective 

* With a steel housing and a somewhat different pressure device, Peters has sue- 
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Fig. 1. Experimental procedure to increase the temperature of an electric arc. 
Water enters the guiding tube tangentially and is pressed to the inner wall of the 
tube by centrifugal forces thus forming a waterpipe in which the arc may be struck. 
(After H. Maecker) 

at first, becomes less with increasing load and so there is little hope of ob¬ 
taining much higher temperatures. 7 Nevertheless the temperatures thus 

obtained may be considered to be so far the highest for a continually burn¬ 
ing discharge. 

Pulsed Discharges. With pulses, on the other hand, high current 
densities are easily obtained. A mercury D.C. arc can easily be pulsed with 
the discharge of a condenser. The same has been done with discharges in 
other gases. 8 * 19 Meek and Craggs have used a pulsed spark of 110 amps in 
hydrogen gas 9 and obtained a temperature of 15000°K. The observation of 
this phenomenon naturally is restricted to a very short time and requires 
a technique of observation specially developed for the purpose. It may be 
mentioned that all methods to obtain high temperatures may be combined 
with the application of high pressure. In “water-pipe arcs” the arc may be 
urned in the middle of a closed housing which is almost filled with water 
with only a small bubble of air left within. Rotation of the whole housing 
causes the water to form a pipe and the arc may burn in the central part. 10 

soon experiences the effect of high pressure because of the rapid evapora- 
tion of the water* Similar results may be obtained with a condensed dis- 

flatwr k° Ugh a tlght gas " filled PiP e - The rise in temperature during the 
di^charge^ 166 CaUS6S * ° 0nsiderable rise in Pressure, which influences the 

, ^ ese developments of high temperature research in mind we come 

back to the picture which Mohier has given of the different temperatures 


ture e 9 d O(io"K) taining ultrasonic velocity <6 km/sec) of the ejected steam (tempera- 

With very high P^sure the temperature drops again For the 
described the maxrmum temperature was obtained at a pressure of abouUOO atm 
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Fig. 2. Increase of temperature with current for the experimental device shown in 
Fig. 1. (From F. Burhorn, H. Maecker, and Th. Peters) 


in an electric discharge and we ask for the methods of evaluation of the 
temperature and for the meaning of the temperature derived. 


Comparison of Different Methods of Temperature Evaluation 

The Free Burning Arc. Turning first to the free burning arc under 
ordinary conditions (10 amps 80 volts, 1 atm.), the temperature in the cen¬ 
tral part 2 has been determined by many methods, e.g. relative line in¬ 
tensities, band spectra, and absolute intensities, to be the equilibrium tem¬ 
perature evaluated as about 7000°. Measurements with interference and 
Schlieren methods have made it possible to evaluate the refractivity which 
permits the derivation of density and hence of the temperature. 12 The result 
of these measurements is that the temperature drop perpendicular to the 
arc’s axis is steep only for about 0.2 cm. In the outer parts the temperature 
gradient is much smaller than previously assumed.* In case the tempera¬ 
tures are accepted as equilibrium temperatures, the Saha equation may be 
applied and the degree of ionization x (r) may be evaluated. 




( 2irmkT ) 3/2 n -B+ikr 



* In a free burning arc fed with 5 to 20 amps., the temperature reaches 400°K in a 
distance of 1.2 to 1.6 cm from the arc’s axis. 12 
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Fig. 3. Cross section of air molecules for electron collision as a function of tem¬ 
perature. (From H. Maecker) 


The arc current then amounts to 


j = en e bcE = exn 0 b e E 


e' 2 xnc\ e E 4 e*E x 

' s/SrnkT 7tQ 2 \/3 mk T 



In this formula e and m are charge and mass of the electrons respectively, 
E is the strength of the electric field, b t and n, are the mobility and the num¬ 
ber of electrons/cm 3 ; U is the partition function, g + is the statistical weight 
of the ground state of the ion, and Q is the cross section of air molecules for 
electrons. The formula permits evaluation of the cross section Q of air mole¬ 
cules for electrons as a function of the temperature 13 (see Fig. 3). According 
to this curve, the collision cross section depends upon temperature in such a 
way that it has a maximum at about 5500°K, which is just the temperature 
most favorable for dissociation. Beyond this temperature the cross section 
lor collisions becomes smaller again and that means, no doubt, that practi- 
cally no more molecules are present. The result is that the temperature in 
the tree burning arc, when interpreted as an equilibrium temperature en- 
ables us to obtain new values of cross sections for collisions, which are larger 
an e calculated values and have a great importance in connection with 
problems of heat conductivity and internal friction in gases. 

The Constricted Arc. A very detailed study has been made of a water- 
Pipe arc of 50 amps and 8 mm. From the spectrum of this arc the tempera- 
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ture was independently evaluated using the continuous recombination 
radiation at the end of the Balmer series, the relative intensities of the Bal- 
mer lines, and the absolute intensity at the center of the H a -line, which ap¬ 
peared to be optically thick when viewed along the axis of the arc. 14 We ob¬ 
tain from the recombination radiation the electron temperature, from the 
relative line intensities the excitation temperature, and from the absolute 
intensity again the excitation temperature. It is most satisfying that in these 
experiments the temperatures evaluated are exactly alike. 

A further method of evaluating temperatures is based upon line profiles. 14 
Especially the Balmer lines, which are most sensitive to electric fields, are 
broadened by the influence of neighboring ions and electrons such that the 
width of a line and more precisely the whole shape of a line depends upon 
the degree of ionization of the gas. In fact, for a single ion the surrounding 
field is given by E ^ e/r and the average distance of neighboring ions is 
proportional to wf 1/3 so that E ~ m,- 2/3 . In the statistical theory of Holts- 
mark the average field-strength is given by E = 2.61 en c m . In this formula 
n e is the number of electrons per cm 3 which equals the number of ions per 
cm 3 . 4 hus the broadening of the Balmer lines, effected by microfields within 
the plasma of mean field strength E, allows the evaluation of and n e . 
Even more directly but not so accurately we obtain n e from the number of 
lines which can be observed as separate lines of the Balmer series using the 
Inglis and Teller 15 formula 

lg n e = 23.16 - 7.5 lg n m (3) 

where n m is the quantum number of the last line to be observed as a separate 
one near the series limit. 

This formula has been derived as an approximation for astrophysical pur¬ 
poses, where the number of lines observed is large. We have made a rather 
detailed study of the number of Balmer lines observed in a radiating plasma, 
taking the electron density from the shape of the lines. It could be shown 
that, even in case the electron densities are large and when accordingly only 
two or three Balmer lines are left, the Inglis-Teller formula may still be 
applied.* A slight modification of the constant term leads to almost perfect 
agreement with the experiments: 

lg n e = 23.46 — 7.5 lg n m (4) 

The electron density n e thus obtained may be inserted into Saha’s equa¬ 
tion. For a light source containing just one gas, say hydrogen, Saha’s equa¬ 
tions runs 

— 0 -n,= S a (T). (5) 

Tin 

* The validity of the Inglis-Teller formula was tested for different values of n, at 
constant temperature. The effect of variation of temperature has not been studied. 
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In addition, there are two more equations, i.e. Dalton’s law 

n = Hh° 4- n„ + 4- n e (G) 

where n is known from the total pressure. Further 

«h + = n c . (7) 

These three equations, together with the value of n e derived from Holts- 
mark’s theory, can be solved and hence the temperature can be calculated. 

The same method can be applied to a mixture of gases when the relative 
abundances of the components are known. As an example, let us consider 
the water-pipe arc. Below 25,000°K the gas of the water-pipe arc consists 
of neutral and ionized hydrogen as well as neutral and singly ionized oxygen 
and electrons. The Saha equation may be applied to both constituents, 

-= S„(T) and = S 0 (T). (8a, b) 

n 0 

There are two equations with six unknowns, n H , n H + , n Q , n 0 + , n,, and T\ 
n e is the same in both equations. From Dalton’s law, 

n = + n H + + n 0 4~ n. Q + 4" (9) 

together with 

7ic = n u + 4- n Q + and /lH = 2, (10a, b) 

five equations are available. The degree of ionization evaluated before 
provides the sixth equation so we are able to find the temperature and the 
numbers of all particles involved as they vary with temperature. To put it 
in other words: For a gas of known composition, we obtain the temperature 
from the total pressure and the degree of ionization, using Saha’s formula. 
In the case of the water-pipe arc mentioned, the temperature obtained in 
this way for the axis of the arc coincides with the values obtained from con¬ 
tinuous recombination and from the line intensities. 15 From this fact we con¬ 
clude that the temperature obtained in very different ways really governs 

the emission of radiation and that- the equation of Saha may be used with 
confidence. 

In addition, Holtsmark’s theory of line broadening has been confirmed 
for the hydrogen lines in the experiments described above. 

Temperature Evaluation in Case of High Electron Concentration 

There is, however, an apparent discrepancy for the case in which we in¬ 
crease the electron density beyond lO'Vcm 3 . In this ease the temperatures 
evaluated from the line profiles of different Balmer lines differ 2 ' and these 
a differ from the temperature obtained from the continuous radiation. 
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We have to hear in mind that the Holtsmark theory of line broadening by 
microfields deals with only one charged particle acting at a time. In case the 
electron concentration gets too high, this assumption is no longer fulfilled. 
However, the theory of a particle influenced by more than one disturbing 
particle simultaneously appears to be very difficult. But, as a crude approxi¬ 
mation, the quickly varying field of a fast moving electron may be super¬ 
posed on the slowly varying field of a neighboring ion. In the Holtsmark 
theory of line broadening this produces the effect that the single components 
of the Stark effect of a line are broadened according to the theory of impact; 
these broadened St ark-effect patterns are treated like the sharp patterns by 
the Holtsmark theory. 22 Altogether there results a somewhat modified line 
profile for higher electron concentration. It is surprising that we have been 
able to derive again a uniform temperature from different Balmer lines after 
such a correction had been applied, although our calculations are certainly 
oversimplified. For an arc burning in pure hydrogen the temperature ob¬ 
tained in this way was about 20 per cent lower than the temperature cal¬ 
culated from the shape of the Il^-line, using Holtsmark’s theory. 

We may check this result, obtained for higher electron densities, in a new 
and quite interesting way. Instead of considering the theory of lines, we 
refer to the theory of continua. The continuous background in the spectrum 
of an arc burning in pure hydrogen has been shown to depend quantitatively 
on the recombination of the hydrogen ion H + and also on the recombination 
of the normal hydrogen atom H to become H~. Both recombination spectra* 
have been calculated, the first by Kramers, the latter by Chandrasekhar, 
and these calculations correspond exactly to the experimental results. 1 ' 
Reversing the procedure of calculation, we obtain from the measured 
strength of the continuous background the concentration of free electrons 18 
and hence the temperature. In the special case mentioned above, the tem¬ 
perature obtained from the background radiation was 10 per cent lower 
than the temperature calculated from the shape of the H^-line, using 
Holtsmark’s theory. 

One cannot help feeling that the Holtsmark theory, in good agreement 
with experiments for lower electron densities, fails at higher electron densi¬ 
ties. This failure seems to be due to the natural limit of validity of a theory 
specially made for use at lower electron densities. 

It is of particular interest to know the critical value of the electron den¬ 
sity, at which the Holtsmark theory begins to fail. We have to remember 
that Balmer lines of larger quantum number will be more sensitive to elec¬ 
tric fields. Therefore one cannot state a single value of electron density at 
which the Holtsmark theory would fail. An estimate given by H. Griem 
seems to indicate that the critical value is of the order of n e = 1 X 10 /cm 

* The recombination includes both free-bound and free-free transitions. 
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for Ha , 2 X 10 14 /cm 3 for , and 4 X 10 13 /cm 3 for H 7 . These values are 
surprising because the experiments performed with the water-pipe arc in¬ 
dicated good agreement with the Holtsmark theory at an electron density 
of 8.4 X 10 16 /em 3 using the line . It appears that further investigation is 
required, before the question can definitely be settled. 

Evaluation of Temperatures beyond 35,000°K 

Now we remember that the intensity of a spectral line is given by 
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where J is the radiation emitted by 1 cm 3 in ergs per second in all directions, 
n n and ?io are the numbers of atoms per cm 3 in the excited state n and the 
ground state, and A nno is the transition probability. In case of thermal 
equilibrium, the number of atoms in the state n is given by the Boltzmann 
law and the second equality sign is valid. 

In case the temperature is still higher, the exponential function of Eq. 
(11) approaches unity. On the other hand, the number of atoms in the 
ground state no decreases rapidly, because a portion of the gas is already 
ionized, and in addition the density decreases with increasing temperature 
if the pressure is kept constant. The two factors, exponential function and 
number of neutral atoms, counteract each other with increase of tempera¬ 
ture so that the radiation flux of every line has a maximum at a certain tem¬ 
perature which may be calculated from theory. 

Take as an example again the water-pipe arc. 

Above 30,000°K the number of neutral atoms is negligible but the number 
of two or three times charged oxygen ions has to be taken into account. The 
equation has to be modified accordingly. In this way the values of Fig. 4 
have been obtained. 7 Now we are able to calculate the value of n 0 • e~ En ' kT 
for the line under consideration. The result for two oxygen lines and one 
hydrogen line is given 7 in Fig. 5. 

This effect of temperature on spectral lines is very well known from the 
spectral sequence of stars. Here the Balmer lines grow stronger as we pro¬ 
ceed from the cooler to the hotter stars. However, the maximum intensity 
of the Balmer lines is reached for an AO-star. Stars at the beginning of the 
spectral sequence, which are hotter than AO-stars, show hydrogen lines of 
ess intensity because of increased ionization. In the case of the water-pipe 
arc the experimental method runs as follows: We observe the arc "end-on,” 

at is to say through an axial bore in one of the electrodes* In this case 
we see the radiating plasma of the arc with a temperature variation perpen- 
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Fig. 4. Number of particles in a water vapor plasma as a function of tempera¬ 
ture. (From F. Burhorn, H. Maecker, and Th. Peters) 


Hr) 



TEMPERATURE 

Fig. 5. The radiation density of the lines , 0 + X = 4651 A and O^X = 3447 A 
as a function of temperature. (From F. Burhorn, H. Maecker, and Th. Peters) 

dicular to the line of observation. Stigmatic spectroscopic observation shows 
the central part of the spectrum to be illuminated by light coming from the 
axis of the arc, while the sides correspond to emission from outer mantle 
layers of lower temperature. Photometric records of the spectral lines pei- 
pendicular to the direction of dispersion (“along” the lines) will show the 
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maximum intensity to be concentrated in the middle part for lines of highly 
excited ions or to both sides of the center for lines of low excitation potential. 
Comparison with calculation leads to the determination of points of known 
temperature at various distances from the axis and hence we obtain the dis¬ 
tribution of temperature 23 in the arc’s column. 

It is interesting to study the mechanism of the discharge somewhat more 
in detail. With the mobility of the electrons b e = (eX/mv) and the mean 


free path X 


1 

«oQ + n+Q+ 


we obtain 


y/ SmkT n 0 Q + n+Q + 

(if we neglect charge transport from the slowly moving ions). In these equa¬ 
tions e is the charge and m the mass of the electron, while Q and Q+ are cross 
sections for elastic collisions electron —> atom and electron —»■ ion. The 
value b e ( T) can be calculated from the equations, provided reliable values 
of Q and Q+ are available. Q has been calculated recently by Massey, while 
Q+ may be taken from the Gvosdover formula 
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On the other hand, the value of b e can be obtained directly by the current 
drift velocity formula cr(T) — e'n e -b e , where c is the conductivity in the 
arc’s column. With these relations two possibilities offer themselves: (a) 
the cross sections Q and Q+ have to be calculated according to Eq. (12); in 
this case the temperature may be calculated from the conductivity; or (b) 
the temperature may be evaluated from other relations and then the cross 
sections are obtained. The first method has been used to determine the tem¬ 
perature for pulsed sparks 8 of known current density. The second method 
has been followed to determine the cross section for elastic collisions as a 
function of temperature, using an arc of known temperature. At high tem¬ 
peratures (above 25,000°K) Q ++ and (?+++ also have to be taken into ac¬ 
count. The result of such investigations is that the cross section Q + depends 
upon temperature as predicted by the Gvosdover formula, Eq. (3), but the 

- 7T" ^ 

faCt ° r 2 Wp ° f this formula appears to require an additional factor of the 
order of magnitude of 0.5 to obtain agreement with experimental results. 
Plasma of Arbitrary Composition 

In case the concentration of the components of a gas is not known the 
set of equations available is not sufficient. Let us consider an arc burning 
m a mixture of helium and hydrogen. The equations available are 
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?i — n Hc + n Hc + + n H + n H + + n e ; n e = n Hc + -f n H + . 

n t may be evaluated as before from the shape of the Balmer lines. Neverthe¬ 
less there is still one equation missing for solving the set of equations. 
Consequently, we have to measure one more quantity. In case we measure 
the value of the absolute intensity of a spectral line of known transition 
probability, Eq. (11) can be used to complete the set of equations, which 
thus can be solved. Another possibility is offered by comparing the inten¬ 
sities of two spectral lines, one of each component of the gas, provided the 
transition probabilities of the two lines are known. 

For more complicated systems (more components of the gas, the concen¬ 
tration of each unknown) the problem may be attacked by consideration 
of the Saha equation for just one component of the gas separately, compar¬ 
ing the intensities of a spark line and an arc line of the gas under considera¬ 
tion (provided the transition probabilities are known). In this case the tem¬ 
perature may be evaluated. When absolute intensities of the spark line and 
the arc line are available, the solution of the Saha equation can be obtained 
with respect to the number of particles involved. Hence it is possible with 
the measurement of two more quantities to obtain the number of normal 
and ionized atoms, i.e., the concentration of an individual component of a 
mixture of gases. The method is of importance for the measurement of 
transition probabilities. 

Using this method, Maecker has calculated the concentration of carbon 
in the plasma of a free burning arc between carbon electrodes. He derives a 
value for the partial pressure of carbon of P c = 0.3 atm., i.e. 30 per cent of 
the total pressure.* 

From the examples given, it may be taken that at high temperatures and 
a gas pressure of about 1 atm. or more the Saha equation is applicable to 
describe the ionization processes and to obtain the concentration of the con¬ 
stituents of a plasma. 

• f 

I # 

The Plasma of a High Temperature Arc Free from Discharge 

The properties of an electric discharge are often helpful in disclosing the 
elementary processes. The ideal plasma, however, is constituted of a hot 
gas without any discharge. Such hot gases do occur in flames, explosions, or 
shock waves. While the flames are usually restricted to temperatures below 
4000°K, the temperatures in explosions are much higher and of greatest 
interest in connection with the phenomena mentioned here. Both explosions 
and shock waves have already been discussed in this symposium. They aie, 
however, transient phenomena. In this connection we may mention that we 
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Fig. 6. Housing of an electric arc with the purpose of freeing the arc’s plasma 
from the discharge. The arc burns in the top part between a carbon rod and a carbon 
ring. The arc’s plasma shoots out of the upper bore, driven out by steam developed 
by the burning arc. (From R. Weiss) 


have been able to separate the hot plasma from the arc’s column and, in 

doing so, we may observe a plasma without electrical discharge. Figure 6 

shows a high current arc constructed in such a way that the hot plasma is 

ejected through a small hole along the arc’s axis. 24 As will be seen from the 

picture, the hot plasma of the arc may be observed several centimeters 

away from the arc’s housing and we have been able to apply our procedures 

to the current-free plasma in just the same way as to the plasma of the dis¬ 
charge itself. 

To summarize, we have shown that the temperature of a gas at atmos¬ 
pheric pressure (or higher) corresponds to the equilibrium temperature and 
that Saha’s formula may be applied with great confidence. High tempera- 
ure research is able to produce and sustain temperatures up to about 50 000 
egrees. This offers possibilities for measuring collision cross sections and 
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Temperature 


Fig. 7. The measured concentration of free electrons for various light sources of 
different temperature (after Th. Peters). The line SkT/(2e t n e l,i ) = 1 indicates that 
the potential energy e 2 /r equals the kinetic energy % KT. Above the upper straight 
line, Fermi statistics has to be applied. (After Th. Peters) 


transition probabilities, not only for singly charged ions but also for some 
more highly charged ions. To give an idea of the present state of research, it 
may be of interest to view a diagram in which n e is plotted against T. This 
diagram indicates that arc discharges are of interest in astrophysics as well 
as in the field of plasma research. A further gain in electron concentration 
without increase of temperature will open a field of research at least as in¬ 
teresting as a further gain in temperature. 
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Introduction 

The first knowledge about temperatures in the high atmosphere came 
by inference from observations made at the surface of the earth. During 
the first half of this century from such observations and inference there 
evolved a remarkably good picture of the structure of the atmosphere, 
which formed the basis of the Tentative Standard Atmosphere issued in 
1946 by a Special Subcommittee for the Upper Atmosphere of the National 
Advisory Committee for Aeronautics. 1 The temperature curve which formed 
the basis of the Tentative Standard is shown in Fig. 1. 

In the intervening years since the appearance of the NACA Tentative 
Standard, rocket sounding of the high atmosphere has provided additional 
and more accurate data on the structure of the atmosphere. A summary of 
rocket results appeared in 1952 in a paper prepared by the Upper Atmos¬ 
phere Rocket Research Panel. 2 Since that time additional rocket data have 
been obtained, confirming the earlier measurements and expanding upon 
them. With the rocket measurements as a guide, it has been possible to 
eliminate systematic errors from some of the indirect methods, which can 
now be used with confidence for continuous collection of data. 

The present paper seeks to summarize, quite briefly, the various tech¬ 
niques which are used for determining upper air temperatures, and the 
results which have been obtained. Emphasis is placed upon the rocket work. 

Indirect Methods of Determining Atmospheric Temperature 

All the methods in use for measuring temperature in the high atmosphere 
are more or less indirect in nature. Even in the case of rockets, in which the 
measuring instrument can be carried into the very region of study, the 
vehicle moves too fast, the air is too rarified, and radiation problems are 
too severe to permit immediate measurement of air temperature itself. 
Instead it is found necessary to measure other quantities first, such as air 
pressure or density, or the local speed of sound, and subsequently to deduce 
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Fig. 1. Temperature curve from the NACA Tentative Standard Atmosphere. 
(Cf ref. 1) 


the atmospheric temperature by means of a suitable theory. On the other 
hand, in the case of rocket experiments far less doubt or ambiguity exists 
in the theoretical step from the basic measured quantity to the calculated 
temperature than is the case with ground based methods. Hence in com¬ 
parison the rocket determinations of air temperatures have come to be 
thought of as direct, while the ground based methods are unquestionably 
indirect. Some of the indirect methods are listed in Table 1. 

The Anomalous Propagation of Sound. Intense sound waves propa¬ 
gated into the upper atmosphere are refracted to the earth by the air. 
This effect seems to have been noticed first in connection with gunfire at 
Queen Victoria’s funeral, when it was observed that the sound thereof 
could be heard close by and again at great distances, but that there was 
an interval of silence between the two regions of audibility. It was quickly 
realized that this effect was associated with some region in the upper atmos¬ 
phere in which the velocity of the wavefront increased with altitude 
Such a velocity gradient could be caused by winds, by a decrease with height 
in the average molecular mass of the air, or by a positive temperature 
gradient. All of these possibilities have been examined, with the conclusion 
that the average molecular mass of the air does not change with height in 
the regions concerned, that the major part of the effect is due to a positive 
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Table 1. Indirect Methods for Determining 

Altitude Range 

Method (kilometers) 


Atmospheric Temperature 

Comparison with Rocket Results 


Anomalous propagation of sound 

Meteor studies 

Ionospheric scale heights 
Spectroscopic measurements of 
aurora and airglow 
Calculations of ozone heating 
Atmospheric oscillations 

Escape of helium 


20-70 General agreement ; tendency to¬ 

ward the high side 

60-105 Recent results show good agree¬ 
ment 

>100 Wide dispersion of results 

>70 Recent results show good agree¬ 

ment 

30-55 Considerably higher 

0-80 Higher in neighborhood of 55 kil¬ 

ometers 
>200 Consistent 


temperature gradient in the upper atmosphere in the region from the top 
of the stratosphere* to roughly 55 kilometers, but that winds also make a 
large contribution. 

It can be shown that in the absence of winds, the apparent speed of the 
sound measured along the surface of the earth between the source and the 
zone of abnormal audibility is equal to the actual speed of the sound in 
the upper atmosphere at the point where the wave is moving horizontally, 
that is, at the peak of its trajectory. Thus by measuring the apparent speed 
over the ground one can obtain the actual sound speed in the upper atmos¬ 
phere. Since the speed of sound is proportional to the square root of the 
absolute temperature, this leads directly to a determination of upper air 
temperature. 

The interested reader can trace through some of the history of this 
technique in Refs. 3-9. The last two references cited describe some of the 
most recent studies with the anomalous sound technique. Crary and his 
co-workers placed listening stations at several hundred kilometers from 
and at different azimuths about an origin at which sound waves were 
generated by explosions of TNT. From the azimuth data the upper air 
winds could be determined and corrected for in finding the atmospheric 
temperature. 

Early anomalous sound studies resulted in very high temperature values 
compared with rocket measurements. Even in the more recent studies in 
which effort is made to correct for winds, there is still a tendency toward 
the high side. 

Meteor Studies. When a meteor strikes the earth’s atmosphere it be¬ 
comes heated and ablation occurs through evaporation from the surface. 
The meteor leaves behind it an ionized and luminous trail. The trail can be 

* The term “stratosphere” is used to denote the region from the tropopause to 
about 30 kilometers altitude. 
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observed by radio techniques, and also visually and photographically 
when the luminosity is sufficiently great. The deceleration and luminosity 
of the meteor, and the ionization in the trail are related to the density of 
the atmosphere. Hence by measuring the former quantities, air densities 
can be obtained, from which in turn atmospheric temperatures can be 
calculated. 

In 1922, using visual meteor data, Lindemann and Dobson came to the 
conclusion that the stratosphere did not extend indefinitely upward, but 
that the atmosphere became warm again 10 in the higher levels. More recent 
workers have been using photographic techniques and a better theory. 11 - 12 
Even the new theory, however, contains a number of doubtful parameters, 
one of the most doubtful being the luminous efficiency of the meteor. The 
early results showed appreciable differences from the rocket measurements, 
but in the course of the past few years a large part of these differences has 
been traced to systematic errors in the meteor method. With the elimination 
of these systematic errors there is now fairly good agreement between 
photographic meteor results and rocket measurements. 

Radio echo observations on meteors can be used to give scale height II 
as a function of altitude in the range from 85 kilometers to about 110 kil¬ 
ometers. 13 From these data temperatures can be calculated, using the re¬ 
lation: 

H = kT/mg 

where T is absolute temperature; m , the mean molecular mass; k , the Boltz¬ 
mann constant; and g is the acceleration of gravity. The main doubtful 
parameter in the theory is the ionizing efficiency of the meteor. This can, 
however, be pinned down by using the rocket result for a chosen altitude. 
When this is done there is remarkable agreement throughout the remain¬ 
ing altitudes between the rocket values and those obtained from the radio 
meteor observations. 

Ionospheric Scale Heights. The scale height of the atmosphere enters 
in some way into virtually every theory concerning the high atmosphere, 
the ionosphere, or the aurora. In many cases, as with the Chapman formula 
for the variation with height of the electron density near the maximum of 
an ionospheric layer, the theory admits of the determination of the scale 
height from ground based observations. Since the scale height is pro¬ 
portional to the absolute temperature of the air, this leads at once to a 
determination of atmospheric temperature. The interested reader can get 
some idea of the current state of affairs by consulting Refs. 14-21. Suffice 
it to say here that the great variety of theoretical approaches leads to a 
wide variety of results, particularly in the F-region. Rocket values to be 
given below should prove to be a valuable guide in explaining the many 

discrepancies. 
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Spectroscopic Studies. The emission spectra of the aurora and the air- 
glow provide means for determining atmospheric temperature. Theo¬ 
retically this should he possible from measurements of (1) the intensity 
distribution and frequency of rotational lines of molecular bands, (2) the 
relative intensities of vibrational bands, and (3) the width of atomic emis¬ 
sion lines. Generally, determinations of temperature by the last two meth¬ 
ods are considered doubtful, but recent applications of the first method 
have led to values in good agreement with other results. 

For years Yegard has applied method (1) to the N:> + bands, consistently 
obtaining temperatures between 200° and 250°K at all heights. 22 - p 86 
These values are considerably lower than those obtained by rocket methods, 
for example. Recently, however, Petrie has used the method with higher 
resolution spectra, obtaining temperatures of 500° to 750°K near the upper 
limits of an aurora. 23 These values are in much better agreement with those 
obtained in rockets. 

In the past, temperatures deduced from the airglow have been derived 
from low dispersion spectra, and little confidence has been placed in the 
results. But recently from observations on the Kaplan-Meinel 0 2 band and 
the Meinel OH bands, Meinel has calculated temperatures of which he 
appears to be confident, and which are in agreement with rocket values. 24 
From the OH bands, for example, he obtained temperatures in the neigh¬ 
borhood of 260°K, presumably around the 70-kilometer level. 

The interested reader who wishes to delve further into the determination 
of atmospheric temperature by spectroscopic means can begin with a 
study of Refs. 22-26. 

Calculations of Ozone Heating. The rise in temperature above the 
stratosphere is known to be due to the absorption of ultraviolet sunlight 
in the atmosphere. It is possible to illustrate this effect, at least qualita¬ 
tively, by theoretical calculation. This has been done by Gowan. 27 He as¬ 
sumed the ozone region to be essentially nonconvective and in radiative 
equilibrium. He took water vapor, ozone, and carbon dioxide as the prin¬ 
cipal gases involved in the radiative equilibrium, assumed a solar tempera¬ 
ture of 6000°K, and used the ozone content indicated by the experiments of 
Gotz, Meetham, and Dobson. He then divided the ozonosphere into nine 
layers and calculated the equilibrium temperatures for the various layers. 
Although some of the basic assumptions are undoubtedly in error, the 
results clearly show that the presence of ozone causes a rise in temperature 
from the stratosphere up to 55 kilometers. 

Atmospheric Oscillations. Observed amplitudes of solar tides in the 
earth’s atmosphere indicate an atmospheric resonance corresponding to a 
free oscillation period of 12 hours. The speed of propagation of large ex¬ 
plosion waves like those generated by the eruption of Krakatau, indicates 
a second resonance period of 10.5 hours. A number of writers have studied 
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this phenomenon, deducing an atmospheric temperature profile which 
agrees in shape with the profiles obtained by other means. In the neigh¬ 
borhood of the maximum between 50 and 60 kilometers, however, the 
oscillation studies indicate considerably higher temperatures than those 
obtained in rocket experiments. 

The reader who wishes to follow’ this subject in detail may consult Refs 
28-31. 

The Escape of Helium. Helium continually enters the atmosphere 
from the surface of the earth. Yet the amount of helium in the air appears 
to remain constant. This immediately suggests that the gas is escaping 
from the atmosphere into interplanetary space, and a number of workers 
have used this assumption as a basis for estimating the temperature of the 
high atmosphere. Recently Spitzer has concluded that the temperature 
must be 1500°K in the F-region in order to dissipate helium at the same 
rate as that at which it is being liberated from the ground. 25 - p - 240 He also 
points out that a cooler atmosphere occasionally heated to more than 
1500°K would produce an equivalent result. 

Rocket Measurements of Atmospheric Temperature 

As has been pointed out already, even with rockets the measurement of 
atmospheric temperatures is somewhat indirect in nature. The behavior 
of the rocket, and conditions existing in the upper atmosphere, do not 
admit the use of ordinary temperature elements. Hence in this connection 
there are no temperature-instruments per se to discuss. Rather one must 
speak of various methods of getting at temperatures from measurements 
of basic quantities other than temperature itself. 

A summary of rocket methods for obtaining atmospheric temperatures 
appears in Table 2. The first column gives the physical quantities which 
are measured, while the second column indicates the method of measure¬ 
ment. The third column gives the theory which connects the measured 
data with the temperature of the air. As a general rule the basic measure¬ 
ments are far more accurate than the theoretical conversions to tempera¬ 
ture, which involve errors the sources of which are indicated in the last 
column. 

The rocket experiments which depended upon the measurement of pres¬ 
sures used a variety of gages. 35,36 Bellow r s gages w r ere used for pressures 
from one atmosphere down to 20 mm Hg. For pressures between 2 and 3 X 
10" 3 mm Hg, Pirani gages w’ere used. Philips gages, which are cold cathode 
ionization gages, w'ere employed for measuring pressures between 10" 3 and 
10 -6 mm Hg. In some cases the Havens cycle gage was also used for pres¬ 
sures between one atmosphere and about 10~ 3 mm Hg. Alphatrons, whic i 
are ionization gages in which the ionizing source is a radioactive element 
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Table 2. Rocket Methods for Determining Atmospheric Temperature 


Basic 

Measurement 

Method of 
Measurement 

Theory 

Final Atmospheric Quantities 

Altitude 

Range 

(kilo¬ 

meters) 

Noninstru¬ 
mental 
Sources of 
Error 

Primary 

Secondary 

Pressure on side 

Pressure 

Ambient pres¬ 

Pressure 

Density; tem- 

30-120 

Wind; yaw; 

of rocket 

gages 

sure ring ex¬ 


l>eraturc 


outgassing 



ists on flying 







rocket 





Pressure on nose 

Pressure 

Taylor-Mac- 

Pressure 

Density; tem¬ 

30-120 

Wind; yaw; 

cone of rocket 

gages 

coll; Stone 


perature 


outgassing 

Pressure at nose 

Pressure 

Rayleigh pitot- 

Density 

Pressure; tem¬ 

30-220 

Wind; yaw; 

tip of rocket 

gages 

tube formula 


perature 


outgassing 

Pressures at 

Alphatrons 

Taylor-Mac- 

Temperature 

Pressure; 

30-65 

Wind; out- 

nose tip and 


coll; Stone, 


density 


gassing 

on nose cone 


Kopal 





Absorption of 

Sj>ectro- 

Solar ultra¬ 

Duily tem¬ 


20-70 


solar ultra¬ 

graph 

violet heats 

perature var¬ 




violet light in 


atmosphere 

iation 




atmosphere 







Pressure modu¬ 

Pressure 

Modulation 

Density 

Temperature 

30-220 

Wind; yaw; 

lations on roll¬ 

gages 

proportional 




outgassing 

ing rocket 


to density 





Transit times of 

Grenades, 

Transit times 

Temperature, 


30-80 


sound wave 

geophones 

depend on 

winds 






air tempera¬ 







tures and 







winds 





Trajectory of 

DOVAP 

Drag on sphere 

Density 

Temperature 

50-70 

Winds; spin 

falling sphere 


gives air 







density 





Shock wave 

Pressure 

Shock wave 

Temperature 



Diffuseness of 

angle 

gage probe 

angle gives 




wave, yaw 



Mach num¬ 







ber 






emitting alpha particles, have also been used. 36 The gages were chosen for 
simplicity and repeatability of calibration. Generally the pressure element 
formed part of a simple voltage divider across a battery source, with cali¬ 
bration signals inserted periodically. If necessary, carefully designed ampli¬ 
fiers were used, as in the case of the alphatron gages; but whenever possible 
the use of amplifiers was avoided. 

Within the rocket the output of the pressure element was fed as a voltage 
into a telemeter unit which suitably coded the information and trans¬ 
mitted it to a ground station, where the data was decoded and recorded 
on moving film. 32, ch ‘ 111 

Atmospheric Temperatures from Pressure and Density Meas¬ 
urements. During the period since 1946 the Naval Research Laboratory 
has accumulated a considerable amount of data on pressures and densities 
of the atmosphere. 35 - 37 - 38 - 34 - 32 The curves of Figs. 2 and 3 are based on 
these data. They were obtained by plotting the experimental values to the 
scale shown and drawing in a freehand fit to the points. The two curves 
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Fig. 2. Atmospheric pressure curve based on Naval Research Laboratory rocket 
data. 

were then adjusted so that the temperatures calculated from the pressure 
curve alone using the hydrostatic equation agreed with those obtained by 
using both pressure and density curves in the gas equation. 

Combining the pressure and density results of Figs. 2 and 3 in the per¬ 
fect gas equation, and smoothing the results, one gets the temperature 
profiles shown in Fig. 4. The solid curve corresponds to an atmosphere of 
uniform sea-level composition throughout. Both theory and rocket meas¬ 
urements indicate, however, that oxygen dissociates above 80 kilometers. 
Also it seems quite likely that the atmosphere begins to show the effects of 
diffusive separation above 150 kilometers. In fact, it appears reasonable 
that the average molecular mass of the atmosphere must fall from 29 at 80 
kilometers to something like 20 at 220 kilometers. With the assumption 
that this drop is linear with altitude, the dashed temperature curve results. 

The temperature curve B probably gives a good qualitative picture of 
actual conditions in the upper atmosphere, but a word of caution must be 
inserted with regard to the quantitative aspects. Above 100 kilometers the 
curve should be regarded as only indicative of true conditions until sub¬ 
stantiated or corrected by further measurements. Below 100 kilometers the 
average temperatures over 20-kilometer height intervals implied by the 
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Fia. 3. Atmospheric density curve based on Naval Research Laboratory rocket 
data. 


curve should be good to within a few per cent. The individual temperature 
values at specific heights are not nearly so good, however, particularly at 
the maximum and minimum points. There is in fact a scarcity of experi¬ 
mental measures for the levels around 80 kilometers. 

The curve B of Fig. 4 wall be used throughout the rest of this paper as a 
reference against which to compare other rocket temperature results. 

The Rocket Grenade Experiment. The temperature of a gas is pro¬ 
portional to the square of the local speed of sound in the gas. The Evans 
Signal Laboratory has used this fact to measure upper air temperatures. 
From a rocket flying above a group of listening stations they ejected a 
series of grenades, exploding them at differing altitudes. The experiment 
was performed at night so that the flashes of the explosions could be photo¬ 
graphed against the star field as a background. In this way the positions of 
the explosions could be determined very accurately. The times of the bursts 

and the times of arrival of the sound waves at the listening stations were 
recorded. 

From the positions and times of the explosions, and the transit times of 
the sound from the bursts to the ground, it was possible by ray tracing and 
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Fig. 4. Atmospheric temperatures calculated from the pressure and density curves 
based on Naval Research Laboratory rocket data. 



compared with the NRL curve. 
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Fig. 6. University of Michigan shock wave angle data on atmospheric tempera¬ 
tures above White Sands compared with the NRL temperature curve. 

a series of successive approximations to calculate the local speed of sound 
and the wind vector in the neighborhood of each of the explosions. The 
temperature was then calculated from the speed of sound. 

Results are shown in Fig. 5, compared with the reference curve of Fig. 
4. It is estimated that the grenade measures are good to within about 3 
per cent. They are somewhat lower than the values indicated by the refer¬ 
ence curve, and the negative gradient between 55 and 80 kilometers is less 
steep. 

The Shock Wave Angle Experiment. A supersonic rocket sets up a 
shock wave, the angle of which relative to the missile axis is a known 
function of the missile speed and the local speed of sound. University of 
Michigan workers used this approach to determine the local speed of sound 
in the upper atmosphere, and therefrom the temperature. 2 They detected 
the shock wave as a pressure discontinuity by a pressure gage which was 
moved in and out from the surface of the missile’s nose cone. By keeping 
track of the position of the pressure probe, the location of the pressure 
discontinuity, hence the angle of the shock wave, were determined. The 
corresponding temperature values are shown in Fig. 6. This method, and 
accordingly the results, suffer from diffuseness of the wave. 

Concluding Remarks 

The temperature profile of the earth’s atmosphere has become fairly 
well established up to about 100 kilometers. Although the rocket data do 
not even approach anything like statistical quantities, nevertheless there 
have been measurements in all seasons, both daytime and nighttime, and 
although most of the soundings to date have been carried out at White 
Sands in New Mexico, there have been some at other locations. One sound¬ 
ing was made above the equator in the Pacific Ocean, and a half dozen or 
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so have been made in the waters between Canada and Greenland. The 
rocket data show that seasonal and geographic variations must be small, 
but in order to determine what they actually are, rocket measurements 
must be improved in accuracy. 

With rocket measurements as a guide, systematic errors have been elim¬ 
inated from a number of indirect methods for determining atmospheric 
temperatures. Some of these indirect approaches are better suited to the 
continuous collection of data than are rocket techniques, and they may be 
expected to play an important role in detecting daily, seasonal, and geo¬ 
graphic variation in high altitude temperatures. The meteor method in 
particular should be most effective. 

The Evans Signal Laboratory has measured at 60 kilometers a tempera¬ 
ture drop of almost 40°K in a matter of five hours. This can be seen in the 
11 Dec. 1950 and 12 Dec. 1950 data of Fig. 5. F. Johnson of the Naval Re¬ 
search Laboratory has estimated the amount of daily variation in tempera¬ 
ture to be expected at these levels and found it to be small. Using rocket 
solar spectrograms taken in and above the ozonosphere at White Sands, 
he was able to determine the rate of absorption of solar ultraviolet energy 
for heights between 20 and 70 kilometers. 39 Then using the rocket curves 
of temperature and density as a basis, he estimated the temperature vari- 



ATMOSPHERIC TEMPERATURE (OEGREES KELVIN) 

Fig. 7. Daily change in atmospheric temperature shown relative to the NRL 
temperature curve. The temperature varies between the minimum curve and 

maximum curve. 
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ation between day and night. He assumed that all the energy absorbed 
during the day was reradiated at a constant rate throughout both day and 
night, and used the heat capacities indicated by the rocket structure data. 
The diurnal change is shown as a function of altitude in Fig. 7. The maxi¬ 
mum change occurs at 48 kilometers and is only 5.3°K. Later calculations 
corresponding to a different distribution of ozone lead to similar 
results. 33 - pp - 198> 9 The conclusion follows then that the cooling observed by 
the Evans Signal Laboratory could not have been due to radiation alone. 
It is thought that the atmosphere in this case was cooled by the advection 
of cold air from some other locality. 

For the regions above 100 kilometers, more rocket measurements are 
needed. Until additional data become available, the rocket temperature 
curve should continue to be regarded as only indicative. Above 200 kil¬ 
ometers at the present time, atmospheric temperatures remain a matter of 
speculation. Using available information, the curve marked t = 0 in Fig. 
8 seems to be a reasonable extrapolation of the curve B in Fig. 4. Accord¬ 
ing to the extrapolated curve, the temperature levels off to 1250°K at and 
above 360 kilometers, where presumably the atmosphere ceases to absorb 
energy from incoming radiations. 

Lowan has undertaken to estimate the cooling of the high atmosphere 



ALTITUDE < KM) 

Fig. 8. Rate of cooling of the high atmosphere 
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during the nighttime. 40 Taking the extrapolated curve as representing 
daytime equilibrium conditions he then assumed that all energy was cut 
off from entering the atmosphere, and that subsequently energy was lost 
from the high altitude regions solely by conduction of heat downward. 
The variation of the temperature curve with time is shown by the other 
curves in Fig. 8. At 100 kilometers Lowan found virtually no change in 
two hours, but at 360 kilometers the temperature dropped to about 65 
per cent of its initial value. At 220 kilometers the temperature fell by 
roughly 18 per cent. This picture is oversimplified in that it does not take 
into account radiational cooling or atmospheric motions, and it ignores the 
possibility that energy may continue to enter the atmosphere even after 
sunset. The calculations do, however, show where one must begin to look 
for large daily variations in temperature. 
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Absolute thermodynamic temperature 
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Absolute zero 
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Kelvin, in determining size of thermo¬ 
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on absolute gas scale, 6 
Absorption spectra, for gas layers, 22-24, 
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Absorption temperature, 268 
Acetylene-oxygen flame 
adiabatic temperature, 272 
rotational temperature, 270, 271, 272, 
274, 275 

temperature, 266 
thickness, 266 

vibrational temperature, 275 
Acoustical waves. See Debye waves 
Adiabatic demagnetization. See Para¬ 
magnetic salt, demagnetization of 
Adiabatic expansion of nuclear ex¬ 
plosion, 409 

Adiabatic magnetization of supercon¬ 
ducting tin, 349 

Adiabatic processes and quantum jumps, 
242 

Adiabatic sound propagation in an ideal 
gas, 383-384 
Adiabatic temperature 
of acetylene-oxygen flame, 272 
variation in a sound wave, measure¬ 
ment of, 387, 388, 391 
Air density, and atmospheric tempera¬ 
tures, 432 

Aircraft thermometer, 308, 309 

Airglow, and atmospheric temperature, 
433 


Allen-Bradley resistor, 373, 374, 375, 
37S, 3S0, 381 

Alpha coefficient, in Callendar formula, 
145, 146 

Alphatrons,434,435 
Aluminum point, 119 
Ambient temperature, changes in, effect 
on readings, 293, 295, 296, 314 
Anderson bridge, 203, 206 
Anemometry, 366 
Antimony point, 92, 118 
Apparent surface temperature of nuclear 
explosions, 405, 406, 409 
Arc, electric, in obtaining high tempera¬ 
tures, 413—426 

arc plasma without discharge, 424, 425 
Beck-type arc, 414, 417, 418, 419 
constricted arc, 414 
free burning arc, 414, 416, 417, 424 
mercury arc, 415 
pulsed discharges, 415, 423 
Astrophysical temperatures. See also 
Interstellar space; Stars 
measurement of 
ionization equilibrium, 27 
optical methods, 19 

Asymptotic distribution functions, 215, 
229-231 

Atmospheric temperatures 
absorption characteristics of, 24-25 
daily variation of, 440, 441, 442 
gradient, 31, 430, 431 
methods of measuring 
atmospheric oscillations, 433-434 
calculation of ozone heating, 433 
escape of helium, 434 
ionospheric scale heights, 432 
meteor studies, 431-432 
propagation of sound, 430-431 
rockets, 434-439 
spectroscopic studies, 433 
Naval Research Laboratory reference 
curve, 435, 436, 437, 438, 439, 440 
rate of cooling, 441 
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Atomic explosions. .See Nuclear ex¬ 
plosions 

Aurora, spectra of, and atmospheric 
temperature, 431, 433 
Avogadro’s law, and perfect gas equation 
65 

Balmer lines, 418, 419, 420, 421, 424 
Balmer radiation, 38, 39 
Balmer series, 418 

limit of, and color temperature, 34, 35, 
36 

Band spectrum 

and astrophysical temperatures, 41 
and free burning arc temperature, 416 
Barometric pressure, changes in, effect 
on readings, 295, 297 
Beck-type arc, 414 
Bellows gages, 434 
Benzoic acid cell, 143, 145 
Bessel function, 230, 231 
Bimetal thermometers, 298-299 
Black body 

in optical pyrometer, 119, 120, 129, 130 
in radiation pyrometer, 312 
Black-body distribution, deviations 
from, 26 

Black-body radiation 
and brightness temperatures, 36, 56 
and stellar surfaces, 31, 32, 33, 34, 35, 
36, 38, 40 

heat capacity of, 398 
maximum energy density of, 402 
penetration of normal atmosphere, 406 
Black-body temperature 
and nuclear explosions, 405 
in radiance methods of temp, meas¬ 
urement, 267, 277, 282 
Bloch formulation, 328, 329 
Boiling points, determination of, 366 
Bolometer, 24 

Boltzmann constant, 121, 26S, 432 
Boltzmann distribution of population 
and vibration states, 275 
equation relating to temperature, 267, 

268 

non-Boltzmann distribution, 273 
Boltzmann formula, 41 
Boltzmann principle, 224, 229, 421 
Boltzmann statistics, 236 
Boltzmann-Einstein formula, 228 


Boyle’s law 

and perfect gas equation, 64 
for isotherms, 6 
Brightness temperature 
and black-body radiation, 36, 56 
and equivalent temperatures, 57 
definition of, 24, 35 
favorable conditions for, 25 
measurement by pyrometer, 280 
of sun, 37, 38, 48 
Brownian movement, 12 
Buller’s rings, 319 

Callendar formula, 91, 92, 118, 145 
Capillary compensation, 296 
Capillary constant, of mercury, 92 
Carbon electrodes, free burning arc be¬ 
tween, 414, 424 
Carbon resistors, 371-376 
calibration of, 375 
reproducibility of, 380-382 
Carnot cycle, 7, 63, 251 
Carnot engine, efficiency of, 6 
Celsius, adoption of word, 124 
Centigrade, changed to Celsius, 124 
Centigrade thermodynamic scale. See 
Scales, Centigrade thermodynamic 
Ceramic temperatures, measurement of, 
318-319 

Cerium wire, resistivity of, 332 
Chapman formula, 432 
Chapman-Enskog method, 218 
Chapman-Kolmogoroff equation, 228 
Chemiluminescence 

and electronic temperatures, 276 
and nonthermal distribution, 273 
Chromel/alumel thermocouples, 306 
Chromic methylammonium alum, as a 
thermometric material, 195 
Chromium methylamine alum, for de¬ 
termining temperature, 255-256, 
258, 259, 263 

Chromium potassium alum, for de¬ 
termining temperature, 256-258, 
260, 261, 262, 263 
Clapeyron equation, 94 
Clement’s semiempirical equation, 373, 
374 

Cobalt point, 122 

Color index, and color temperature, 32, 

33 
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Color pyrometer, 317-318 
Color temperature, 25-26 
and color index, 32, 33 
and effective temperature, 36 
from spectropliotometric gradients, 34 
of interstellar space, 56 
of stars, 25-26, 28, 32, 33, 34, 38, 40 
of sun, 48 

two-color method of gas temperature 
measurement, 281 

Conductivit}', intrinsic, of semicon¬ 
ductors, 361-362, 363, 364 
Conservation of energ} - equation, 221 
Constantan, as resistance thermometer 
element, 331 

Continuous absorption coefficient, com¬ 
position of, 36 

Continuous spectrum, and astrophysical 
temperatures, 31-40 

Copper/constantan thermocouples. Sec 
thermometers, thermocouples 
Copper wires, electrical resistivitj' of, 
327-328 

Cored-capillar}', 296 
Coriolis forces, 220 
Corundum, as a semiconductor, 366 
Crayons, for temperature measurement, 
319 

Cro6s-ambient effect, 293, 295 

Crj'oscopy, 366 

Crystals 

asj'mptotic distribution function for, 
229 

characteristic temperatures of, 10 
Debye waves in, 236, 237, 243 
effect of heating on, 9 
vibrations, 10 

Cubical compressibility, coefficient of, 77 
Curie constant, 199 
Curie law, 185, 190, 195, 199, 255, 374 
Curie principle of symmetr}', 220 
Curie-Weiss law, 192, 195, 199 
Curie-Weiss susceptibility formula, 191, 
199 

Current density, in electric arcs, 414, 
415, 416, 423 

Current drift velocity formula, 423 

Dalton’s law, 419 
Debye temperature, 327 
Debye waves, 236, 237 
energy transfer of, 243 


Demagnetization. See Paramagnetic salt, 
demagnetization of 

Density, atmospheric, 435, 436, 437, 438 
Density gradient temperatures of sun, 
4S 

Diamond 

characteristic temperature of, 10 
lowering temperature of, 12 
Diathermic wall, for separating systems, 
3, 4 

Differential linear expansion of solids, 
298 

Differential manometer, 106, 109-111 
Dissipation function, 229 
Distribution, meaning of, 236 
Doppler broadening 

and microturbulence, 41, 45 
as method of temperature measure¬ 
ment, 26-27 

spectral lines with, 267, 268, 283 
Dynamite explosions, 395 

Earth’s atmosphere, effect in determin¬ 
ing stellar temperatures, 32, 34 
Effective inductance, 353 
Effective temperature 
and color temperature, 36 
of stars, 37 
of sun, 38, 48 

Einstein formula, 215, 224, 226, 228 
Electric arc. See Arc, electric 
Electric discharges, used in obtaining 
high temperatures, 413-426 
arc plasma without discharge, 424, 425 
Beck-type arc, 414 
constricted arc, 414, 417, 418, 419 
free burning arc, 414, 416, 417, 424 
mercury arc, 415 
pulsed discharges, 415, 423 
Electrical resistivity. See Resistivity 
Electromagnetic radiation, heat capac¬ 
ity of, 398 

Electron collision, as a function of tem¬ 
perature, 417, 423 
Electron density, 419, 420, 432 
Electron temperature 

for measuring hot gases, 267, 269, 276, 
279 

of interstellar space, 55, 56 
of monatomic gas, 413, 418 
of planetary nebulae, 39, 56 • 
of sun, 48 
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Electronic spin system, in paramag¬ 
netic salt, 13 
entropy of, 15 
Emissivity 

high, and radiance methods, 267 
low, and intensity distribution meth¬ 
ods, 267, 275 
of iron, 321 
of metals, 317 
Empirical temperature, 5 
Energy 

density of, in nuclear explosion, 397, 
398, 399 

exchange of, mechanism, 242-244 
rotational, 237, 239, 242, 244, 245 
translational, 237, 239, 240, 242, 244, 
245 

vibrational, 237, 239, 242, 244 
Energy band model, 361-362, 364 
Energy levels, and concept of tempera¬ 
ture, 236-237, 238, 240 
Entropy, 7 

due to fluctuations, 224-226 
due to irreversible processes, 217-220 
in continuous systems, 220 
in lattices, 231 
in stationary states, 221 
near absolute zero, 11, 13 
of a paramagnetic salt. See Paramag¬ 
netic salts, entropy of 
of vapor, to calculate latent heat, 187 
Entropy production, theorem of mini¬ 
mum, 223, 225, 226 
Equation of state 
and relaxation, 245 
calculation of sound velocity from, 384 
of helium, 99, 187 
of a real gas, 65-67 
of thermometric fluid, 75 
Equilibrium 

establishment of in a subsystem, 
240-242 

thermal. See Thermal equilibrium 
Equilibrium states, difference from non¬ 
equilibrium states, 8, 221, 223 
Equipartition of energy, law of, 10 
Equivalent temperature 

and brightness temperature, 57 
definition of, 56 
Ergodic property, 215 


Ergodic systems, 231 
Ergodic theory, 216 

Ethyl ether, for vapor-pressure ther¬ 
mometer, 293 

Euler-Lagrange equation, 228 
“Excess temperature,” 391 
Excitation temperature 
and Boltzmann’s formula, 41 
of interstellar space, 56 
of monatomic gas, 413, 418 
of stars, 42, 46 
of sun, 38, 46, 48 
Exponential lag, 383 

Fermi statistics, 426 
Ferric ammonium alum “thermometer,” 
192 

Ferromagnetic metal films, 377 
Fick’s law for diffusion, 219 
Films, metallic, characteristics of, 376- 
377 

Fireball. See Nuclear explosions 
Fixed points 
aluminum point, 119 
antimony point, 92, 118 
cobalt point, 122 

for calibration of platinum resistance 
thermometer, 152, 180 
gold point 

determination of, 103, 105, 112, 117, 

127 

use in optical pyrometer, 120, 130, 
131 

ice point 

as a reference temperature, 5, 7, 181 
determination of, 118, 125 
in determining size of thermody¬ 
namic degree, 67 
Kelvin temperature of, 93, 125 
pressure, zero, for a gas, 72 
reproducibilities of, 92 
temperature of, formula, 6 
nickel point, 122 

of International Scale, 116-117, 127- 

128 

oxygen point, 118, 126, 128 
realization of 

apparatus for, 153, 156, 165-167 
value of, 181 
palladium point, 131, 132 
reliability of, 121, 122 
rhodium point, 132 
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silver point, 119,127 
steam point 

as a reference temperature, 5, 6, 7 
definition of, 162 

in determining size of thermody¬ 
namic degree, 67 
methods for reproducing, 92 
realization of, 156, 159-162 
reproducibility of, 157 
sulfur point 

as fixed point for International 
Temperature Scale, 127 
Centigrade thermodynamic tem¬ 
perature of, 93, 117 
determination of, 103 
methods for reproducing, 92 
purity of sulfur used for, 165 
realization of, 156, 162-165 
reproducibility of, 169 
triple point of hydrogen, 196 
triple point of water 
as a reference temperature, 6, 112, 
153 

determination of, 92 

in determining size of thermody¬ 
namic degree, 67 
on the Kelvin scale, 124-125 
realization of, 153-155 
reproducibility of, 118,155 
zinc point 

equipment used to determine, 169- 
172 

experimental results, 172-176 
of International scale, 128, 169 
Flame front, temperature gradient in, 
266 

Flames 

equilibrium distribution in, 8 
luminous, gas temp, of, 281, 282 
nonthermal rotational distributions 
in, 270, 272, 273 
temperature of 
kinds 

absorption, 268 
color, 281 

electronic, 267, 269, 276, 279 
intensity distribution, 267, 268-276 
radiance, 267, 277-283 
rotational, 267 , 269, 270-275, 282 
translational, 267,279, 283 
vibrational, 267, 269, 275, 276, 282 


methods of measuring 
accurate, 283 
line-reversal, 278, 279, 2S3 
optical, 265, 266, 267, 278 
rapid, 281 
thermocouple, 266 
two-color, 2S1 

Fluctuations, relation to thermody¬ 
namics of irreversible processes, 
223-229 

Fourier transformation, 229 

Fourier’s law for heat flow, 219 

Foxboro Dvnalog circuit, 304 

Furnaces, gas temperature measurement 
in, 268, 281 

Galvanometers, superconducting, 348, 
352-355 

Gamma rays, irradiation of paramag¬ 
netic salts with, 253 

Gas equation, perfect, 64 

Gas-filled thermometer. Sec Thermome¬ 
ters, gas-filled 

Gas flow rate, measurement of, 279 

Gas thermometers. Sec Thermometers, 
gas 

Gas turbine engines, temperature of 
flames in, 265 

Gases 

diatomic, 239, 247 
energy transfer in, 242-243 
heat conduction in, 244 
ideal. See Gases, perfect 
internal energy of, 7 
layers, optical thickness of, 22-23, 24, 
26 

low density, 19 
monatomic 

conditions of discharge, 413 
temperature of, 413, 414 
translational degrees of freedom of, 
240 

nonhomogeneous, 27-28 
nonthermal rotational distributions 
in, 270, 272, 273 
perfect (ideal) 
effect of heating on, 9 
extrapolation to zero ice point 
pressure for, 72 
pvt behavior of, 65 
sound velocity in, 246, 383 
thermometric coefficient of, 72, 88 



456 


SUBJECT INDEX 


Gases— cont. 
polyatomic, 237 
real 

equation of state for, 65-67, 107 
mass conservation equation, 108 
relaxation times for, 242-243 
temperature of 
kinds 

absorption, 268 
color, 25-26, 281 
electronic, 267, 269, 276, 279 
intensity distribution, 267, 268-276 
radiance, 267, 277-283 
rotational, 30,267,269,270-275,282 
translational, 27, 267, 279, 283 
vibrational, 30, 267, 269, 275, 276, 
282 

methods of measuring 
accurate, 283 

Doppler broadening, 26-27, 267, 
268, 283 

line-reversal, 278, 279, 283 
optical, 19-30, 265, 267,278 
rapid, 281 

reversal, 267, 278, 279 
theoretical considerations of, 19-30 
thermocouple, 266 
two-color, 281 
two-path, 279, 280 
temperature scale based on, 6 
Germanium, as a semiconductor, 182, 
361,367 

Gibbs formula, 217 
Gibbs free energy, 186 
Glass-stem thermometers, 289-290 
Gold, resistivity of, 332, 333, 334 
Gold point. See Fixed points 
Gradients, temperature 
in a flame front, 266 
in hot flame gases, 265, 267, 272, 2S3 
Graphite, properties of, 370-371 
Gravitational correction in gas ther¬ 
mometry, 79-80 

Grenade explosions and atmospheric 
temperature, 435, 437—439 
Gvosdover formula, 423 

Hall effect, 362 
Hartshorn bridge, 208 
Havens cycle gage, 434 
Heat, definition of, 3 


Heat capacity 

of electromagnetic radiation, 398 
of solids, determination of, 368 
Heat conduction 
in a continuous system, 221 
in nuclear explosion, 405 
Heat flow, Fourier’s law for, 219 
Heat flux, in nuclear explosion, 401, 404 
Helium 

absorption by carbon thermometers, 
372 

boiling point of, 197 
electric arc burning in, 423 
escape from atmosphere, 431,434 
for gas-filled thermometers, 294 
for transmitting pressure to manom¬ 
eter, 153, 159, 161, 162, 165, 166 
in platinum resistance thermometer, 
133 
liquid 

latent heat of evaporation of, 189, 
190, 193, 194 

vapor pressure-temperature form¬ 
ula for, 185, 201 
P-V isotherms of, 99-102, 190 
temperatures, heat capacity of solids 
at, 36S 

vapor pressure of, 99, 102, 185 
apparatus for measuring, 196 
Helium gas thermometer. See Ther¬ 
mometers, gas, helium 
Helium vapor-pressure scale. See Scales, 
helium vapor-pressure 
High temperature. See Temperature, 
high 

Hiroshima, 396 

Hoke gage blocks, 157, 159 

Holdcroft bars, 319 

Holtsmark, statistical theory, 418, 419, 
420, 421 

H}-drocarbon-oxygen flames, tempera¬ 
tures of, 265 
Hydrogen 

absorption by carbon thermometers, 
372 

boiling point of, 197 
electric arc burning in, 418, 419, 420, 
423 

pulsed spark in, 415 

Hydrogen gas thermometers. See Ther¬ 
mometers, gas, hydrogen 
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Hydrogen-oxygen flame, vibrational 

temperatures from, 275 
Hysteresis, as source of error in gas 
thermometer, 82 

Ice point. See Fixed points 
Ideal gas. See Gases, perfect 
Ideal gas law, 293 
Immersion thermocouple, 321 
Indium, in reproducibility experiments 
with resistors, 381 
Inductance 
effective, 353 

in obtaining magnetic temperatures, 
202 

Inglis-Teller formula, 418 
Intensity, of an emission line, formula 
for, 268 

Intensity distribution, 267, 268-276 
Internal combustion engines, gas tem¬ 
perature measurements in, 280, 
281,282 

International Temperature Seale. See 
Scales, International 
Interstellar space 
material in, 54 

temperature of, 42, 53, 54, 55, 56 
Invar, for bimetal thermometers, 298 
Ionization, in nuclear explosions, 397 
Ionization equilibrium, 27 
Ionization gages, 434 
Ionization potential of sun, 46 
Ionization temperature 
of a monatomic gas, 413, 418, 419 
of stars, 43, 44, 45 
of sun,46,48 

Ionosphere scale height, 431, 432 
I. R. C. resistors, 375 
Iron ammonium alum, in determining 
temperature, 264, 338 
Iron/constantan thermocouples, 305 
Irreversible processes, thermodynamics 
of. See Thermodynamics of ir¬ 
reversible processes 
Isentropics, 254, 258 
Iso-intensity, for rotational temperature, 
270, 271, 272 
Isotherm 
definition of, 3 
equation of a family of, 4 
of gases, 6 


Isothermal sphere of nuclear explosion, 
407, 40S, 409 

Jet engines, temperature of gases in, 
265, 280, 281 
Johansson blocks, 157 
Johnson noise, 152, 168 
Joule coefficients of a gas, 72 
correction from, 89-91 
Joule’s law, and perfect gas equation, 64 
Joule-Thomson coefficients of a gas, 72 
correction from, 89-91 

Kaplan-Meinel 0 2 band, and atmospheric 
temperature, 433 
Kelvin double bridge, 133 
Kelvin scale. See Scales, Kelvin 
Kinetic temperatures 
of giant stars, 46 
of interstellar space, 54 
of stars, 47, 53 
of sun, 45, 46, 48 
Kirchhoff’s radiation law, 277 
Kopal theory, and atmospheric tempera¬ 
ture, 435 

Ivoppe’s partially conducting model, 
342, 343, 344, 345 
Kramers’ law, 47, 49 

Langevin equation, 227, 229 
Lattice entropy, 14, 15, 231 N 

Lattice specific heat, 15 
Lattice vibrations 

and concept of temperature, 8, 13, 14, 

237, 238 

energy exchange with spin systems, 8, 

238, 243-244, 248 

Lattices, establishment of thermal equi¬ 
librium in, 229-231 

Lead 

as a superconductor, 346, 347 
in reproducibility experiments, 382 
Least velocities, principle of, 223 
Line profiles, temperatures based on, 418 
Line-reversal technique, measurement 
of hot gases, 278, 279, 283 
Line spectrum 

and astrophysical temperatures, 38, 41 
“forbidden lines,” 39, 40, 45, 54, 56 
Liouville’s theorem, 230 
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Liquid-filled thermometer, 294-295 
Liquid-in-glass thermometers, 289-290 
Liquids, energy exchange in, 243 
Lorentz approximation, 257 
Lorentz forces, 220 

Low temperature. See Temperature, low 
Low temperature scales. See Scales, low 
temperature 
Lyman radiation, 38 

Mach front of nuclear explosion, 410 
Mach number, and atmospheric tempera¬ 
ture, 435 

Magnetic susceptibility of a paramag¬ 
netic salt. See Paramagnetic salts 
Magnetic temperature. See also Para¬ 
magnetic salts; Thermometers, 
magnetic; Scales, low temp, 
accuracy of, 209-212 
measurement of, 202 
by mutual inductances, 208-209 
by self-inductances, 202-20S 
related to thermodynamic tempera¬ 
ture, 199, 255 

Magnetic thermometer. See Thermome¬ 
ters, magnetic 

Magnetic threshold field of a supercon¬ 
ductor, 349-351 

Manganin, as resistance thermometer 
element, 331 

Manometers, mercury, for gas ther¬ 
mometer measurements, 71 
accuracy of, 106, 155, 157 
design of, 73, 74, 155-159 
diagram of, 156 
differential, 109-111 
helium pressure control in, 159 
temperature control in, 158 
Markoff chains, 215 

Mass conservation equation, for real 
gases, 108 

Matthiessen’s rule, 327 
Maximum intensity, for rotational 
temperatures, 273 
Maxwell-Boltzmann relation, 20 
Maxwell-Boltzmann statistics, 362 
Maxwell distribution 
definition of, 237 
deviation from, 238, 240 
establishment of in a system, 238, 240, 
241, 242, 245 
of velocities, 54, 55, 267 


Meinel OH band, and atmospheric 
temperature, 433 

Melting points, determination of, 366 
Mensel-Zanstra temperature 
for novae, 40 

for planetary nebulae, 39, 40 
for variable stars, 40 
Mercury 

boiling point 

Centigrade thermodynamic temp, 
of, 93 

methods for reproducing, 92 
capillary constant of, 92 
density of, 157 
thermal dilation of, 92 
Mercury arc, 415 

Mercury-in-glass thermometers, 138, 289, 
298 

Mercury manometer. See Manometers 
Metallic films, thin, characteristics of, 
375-377 

Metallic oxides, as semiconductors, 364 
Metals 
alkali, 328 
behavior below 7°Iv 
anomalously conducting, 330-335 
normally conducting, 237-330 
partially superconducting, 335-346 
resistivity of. See Resistivity, of 
metals 

spin systems of the free electrons in, 13 
thermoelectric power of, 346, 347 
Thomson heat of, 346-347 
transition, 328, 332-335 
Meteorological thermometry, 366 
Meteors, and atmospheric temperatures 
31, 431, 432, 440 

Meyers-type thermometer, 170, 175 
Microturbulence. See Turbulence 
Millivoltmeters 

for use with radiation pyrometers, 315 
for use with thermocouples, 301-303 
Mirror 

and two-path method of measurement 
of hot gases, 2S0 
to determine absorption, 271 
“Molecular” vibrations in solids, 243 
Monomolecular reactions, 235 
Mueller bridge, 133, 170, 311 
description of, 151-152 
Mushroom cloud of nuclear explosion, 
411 
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Mutual inductances, measurement of, 
208-209 

Nagasaki, 396 

National Bureau of Standards, low 
temp, scale of, 180, 181 
Xavier-Stokes equations, 240 
Nebula, planetary, temperatures of, 39, 
40,56 

Negative temperature coefficients of 
resistance 

of graphite, 370, 371, 373 
of magnesium, 332 
of metallic films, 376, 377 
“Negative” temperatures, 14-16 
Nickel films, as thermometers, 377 
Nickel point, 122 

Nickel wire, in radiation pyrometers, 
314 

Nitrogen, for gas-filled thermometers, 
294 

Nitrogen gas thermometer, 72, 82, 83, 92 
Non-Boltzmann distribution, 273 
Nonequilibrium states 
cases of, 237 

difference from equilibrium states, 8, 
221, 223 
stationarj r 

fluctuations around, 224 
variational principles of, 220-223, 
231 

Nonequilibrium systems, meaning of 
temperature in, 8, 238-240 
Nonthermal rotational distributions, 
270, 272, 273 
Nuclear explosions 
adiabatic expansion of, 409 
and black-body temp., 405 
apparent surface temp, of, 405, 406, 409 
density of energy in, 397, 398, 399 
energy released, 396, 397 
heat conduction in, 405 
ionization in, 397 
isothermal sphere, 407, 408, 409 
kinetic energy of free electrons in, 397 
luminosity of, 407, 409, 410, 411, 412 
Mach front of, 410 
photons in 
density of, 400 
diffusion of, 410, 412 
electron scattering, of, 403 
escape from fireball, 405, 407 


mean free path of, 401 
reemission of, 400 
plutonium 239 in 
energy of fission, 396, 397 
heat of fission, 395 
pressure in, 398, 399, 405 
pressure-shock front, 399, 400, 404, 
407, 408, 410 

radiation flux in, 401, 404, 410 
radiation front, 399, 400, 404, 407, 40S 
radius of fireball, 40S 
temp, distribution in, 2S 
temp, gradient in, 405, 408 
temp, of fireball, 408, 409 
uranium 236 in 
energy of fission, 396, 397 
heat of fission, 395 
Nuclear spin systems, 13, 14 
entrop\ r of, 15 
Nykist formula, 229 

Onsager approximation, 255 
Onsager-Casimir theorem, 219, 224, 225, 
226 

Optical depth 
and solar temperature, 35 
definition of, 36 

Optical methods of temperature meas¬ 
urement, 19-30, 265, 266, 267, 278. 
See also Pyrometers 

Optical pyrometers. See Pyrometers, 
optical 

Oscillation, atmospheric, 431, 433 
Owen bridge, 206, 207 
Oxidizing atmospheres, use of thermo¬ 
couples in, 305, 306 
Oxygen point. See Fixed points 
Ozone heating, and atmospheric tem¬ 
perature, 431,433, 435,441 

Paints, for temperature measurement, 
320 

Palladium point. See Fixed points 
Paramagnetic salts. See also Magnetic 
temperature; Thermometers, mag¬ 
netic 

absorption of gamma rays by, 253 
adiabatic demagnetization of, 374, 375 
demagnetization coefficient of, 199 
demagnetization of, 8, 12, 14, 15, 251- 
252, 262 

electronic spin system in, 13, 15 
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Paramagnetic salts— cont. 
entropy of, 14, 15, 252, 253, 255, 257, 
259 

magnetic moment of, 252, 254 
magnetic susceptibility of, 185, 199, 
201,209, 252, 253, 254, 255, 259, 260, 
262, 263, 375 
specific heat of, 15 

temperature determination by, 185,199 
examples of, 254-264 
thermal conductivity of, 252 
thermal equilibrium with a metal, 338 
Partial temperatures, 237-238, 239, 245 
Pellets, for measuring temperature, 320 
Pennsylvania State University, low 
temp, scale of, 181-182 
Pentane, as an expanding liquid, 290 
Perfect gas. See Gases, perfect 
Perfect gas equation, 64, 436 
Perovskite structure of metallic oxides, 
364 

Philips gages, 434 

Phosphor-bronze, as a resistance ther¬ 
mometer, 336 et seq. 

Photoelectric color index determination, 
32 

Photoelectric effect, 312 
Photographic magnitude, definition of, 
32 

Photons. See Nuclear explosions, pho¬ 
tons in 

Physikalisch-Technische Bundesanstalt 
gas thermometer, 104, 111-112 
Physikalische Technische Reichsanstalt, 
low temp, scale of, 181,182 
Pirani gages, 434 
Planck radiation function, 400 
Planck’s constant, 268, 275 
Planck’s la\v 

and radiance method of temp, meas¬ 
urement, 267, 277 

and reliability of gas thermometric 
measurements, 103 

and spectrophotometric gradients, 33 
and stellar temperatures, 31, 32, 55 
equation relating to temperature, 267, 
277 

for extrapolation of International 
scale, 122, 125 

in determining gas temperatures, 24-26 
in extending range of optical pyrome¬ 
ter, 315 


Planetary nebula. See Nebula, planetary 
Platinum, resistivity of, 359 
Platinum/platinum - rhodium thermo¬ 
couples. See Thermocouples, plat¬ 
inum/platinum rhodium 
Platinum resistance thermometers. See 
Thermometers, platinum resist¬ 
ance 

Plutonium 239 
energy of fission, 396, 397 
heat of fission, 395 

Point-source model of stellar structure, 
51 

Potentiometers 

for use with radiation pyrometers, 315 
for use with thermocouples, 303-305 
Powders, propellant, gas temperature 
measurements of, 281 
Predissociation, and nonthermal dis¬ 
tribution, 272, 273 
Pressure 

atmospheric, 434, 435, 436, 438 
in hot gases, measurement of, 279 
in nuclear explosion, 398, 399, 405 
Pressure-shock front of nuclear ex¬ 
plosion, 399, 400, 404, 407, 408 
Probabilities, transition, 268, 269, 272, 
273, 275, 276 

Propellant powders, gas temperature 
measurements of, 281 
p-T relation 
for helium, 185, 187, 201 
for thermisters, 368 
P-V isotherms 
for helium gas, 99-102 
for real gases, 107 
Pyrometer 
optical 

accuracy at gold point, 131 
color, 317-318 
design of, 129-130, 315 
errors in, 317 

for determining brightness temp., 
126, 280, 281 

for measuring temp, of liquid steel, 
321 

in achieving reproducibility in In¬ 
ternational scale, 129-132 
in scale calculations, 119, 120, 121 
mechanism of, 315-316 
principle of, 119, 315 
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“Pyro,” 315, 316 
range of, 126, 316-317 
radiation, 312-315 

for measuring temp, of liquid steel, 
321,322-323 
Pyrometric cones, 318 

Quanta, transfer of, 235, 240, 242 
Quantum number, rotational, 26S, 269, 
270, 273 

Quantum system, entropy of, 11-12 
Quantum theory, and low temperatures, 
10 

Quartz glass, for gas thermometer bulb, 
112 

“Radiamatic” pyrometer, 314 
Radiance, temperature measurement 
method, 267, 277-283 
Radiant energy 

black-body temperature from, 282 
to measure high gas temperatures, 265, 
267 

Radiation 

absorption coefficient of, 403, 406 
in nuclear explosions 
flux, 401, 404, 410 
front, 399, 400, 404, 407, 408 
Radiation density, as a function of tem¬ 
perature, 422 

Radiation pyrometers, 312-315 
Radio astronomy, and equivalent tem¬ 
peratures, 56, 57 

Radio brightness temperature of sun, 48 
Radio techniques in observation of 
meteor trails, 432 
Rayleigh-Jeans law 
and density of protons, 405 
in calculating brightness temperature, 
25, 26 

Rayleigh pitot-tube formula, 435 
Rayotubes, 312, 313, 314 
Real gas. See Gases, real 
Recording pens 

for bimetal thermometers, 299 
for gas-filled thermometers, 298 
Reducing atmospheres, use of thermo¬ 
couples in, 305, 306 
Relaxation phenomena 
definition of, 233 

experimental importance of, 244-248 


Relaxation time, 241, 242 
definition of, 233 
for gases, 242, 243, 245, 246 
for liquids, 243 
for semiconductors, 365 
for spin systems, 244, 248 
Residual resistivity of metals. See Re¬ 
sistivity, of metals 

Resistance thermometer scale, 119, 120 
Resistance thermometers. See Ther¬ 
mometers, platinum resistance, 
resistance 
Resistivity 

effects of dilute alloying on, 332-335 
minimum, 332 
of constantan, 331 
of gold, 332, 333, 334 
of graphite, 370 
of Koppe’s model, 342, 343, 344 
of manganin, 331 
of metal films, 377 
of metals, 327, 328, 359 
effect of alloying, 329-330 
of phosphor-bronze, 336, 337, 342 
of semiconductors, 359, 366, 367, 368 
temperature-dependent, 337, 338-339, 
340 

Resistors. See Thermometers, resistance 
Resonance, atmospheric, 433 
Resonance absorption curve, 244, 248 
Reversal method, measurement of hot 
gases, 267, 278, 279 
Rhodium point, 132 

Rocket engines, temperature of flames 
in, 265, 280 

Rocket measurements of atmospheric 
temperature, 429, 430, 440 
comparison with other methods, 431 
from pressure and density measure¬ 
ments, 434, 435, 437 
grenade experiments, 437-439 
shock wave angle experiment, 439 
summary of methods, 435 
Rotational distributions, nonthermal, 
272, 273 

Rotational lines of molecular bands, 433 
Rotational temperatures, 267, 269, 282 
measurement of, 270-275 
of interstellar space, 42 
of sunspots, 42, 48 
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Saha formula 

and degree of ionization, 416, 410, 424 
and electron density, 41S 
and ionization equilibrium, 27, 416 
and ionization temperatures, 44, 425 
Scales 

absolute gas, establishment of, 6, 7 
absolute thermodynamic temperature 
scale. Sec Scales, Kelvin 
based on gases, 6 

Centigrade (Celsius) thermodynamic 
agreement of International scale 
with, 91-94, 125, 13S 
zero of, definition, 153 
empirical, 4 
establishment of, 4 
helium vapor-pressure 
of 1932, 1S7, 1S8, 191 
of 1937, 187, 188, 189, 190, 191 
of 1939, 190, 191, 200, 201 
of 1948 (“agreed” scale), 99, 185, 190 
corrections to, 101, 201 
errors in, 99, 191-197 
hydrogen, 115 
ideal gas, 251 
International 
adoption of, 116 
aim of, 116 

comparison with Centigrade thermo¬ 
dynamic scale, 91-94 
early attempts toward, 115 
fixed points of, 116-117, 127-128, 169 
improvements in, 127-12S 
maintenance of, 125-126 
modifications of 1948, 123-124 
realization of, accuracy of, 138 
relation of high gas temperatures to, 
283-2S4 

reproducibility of, 129-132, 138 
Kelvin (absolute thermodynamic). See 
also Absolute temperature 
agreement with NBS and Penn. 

State Univ. scales, 180, 181 
comparison with other scales, 92, 93, 
125, 126 

definition of, 124-125 
determining temperature on, 6, 7 
establishment of, 6, 7, 63, 112, 251 
gas thermometers for realizing, 72-74 
International, need for, 125 
reproducibility of, 124 


low temperature. See also Scales, he¬ 
lium vapor pressure 
for near absolute zero, 16, 17 
for region 5° to 14° K, 182-1S3 
of National Bureau of Standards, 
180, 181 

of Pennsylvania State University, 
181-182 

of Physikalische Technische Reichs- 
anstalt, 181, 182 

of University of California, 179-180 
thermometers used to measure, 179 
magnetic, 338 
mercury-in-verre-dur, 115 
resistance thermometer, 119, 120 
thermocouple, 119, 120 
thermodynamic. See Scales, Kelvin, 
and Scales, Centigrade thermody¬ 
namic 

vapor-pressure. See Scales, helium 
vapor-pressure 

Schlieren methods of temperature meas¬ 
urement, 416 
Self-absorption 

and intensity distributions, 269 
and rotational temperatures, 270, 271, 
272, 273 

and vibrational temperatures, 275 
Self-inductances, measurement of, 202- 
208 

Semiconductors. See also Thermistors 
examples of, 364, 366 
germanium, 182, 361, 367, 369 
impurity concentrations of, 367 
impurity scattering in, 362, 363 
intrinsic conductivity of, 361-362, 363, 
364 

pressure coefficients of resistance of, 
366 

resistances of, 365, 366, 367, 368, 37S 
reproducibility of, 182, 365, 367 
resistivities of, 359, 366, 367, 36S 
silicon, 361,362, 363, 367 
thermal relaxation time, 365 
thermoelectric powers against metals, 
306 

uses of, 366 

Shell-source model of stellar structure, 51 
Shock waves 

and atmospheric temperature, 439 
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and relaxation time, 245-246 
production of, 246 

Silica, vitreous, thermal dilation of, 92 
Silicon, as a semiconductor, 361,362, 363, 
367 

Silver 

alloys of, resistivity of, 332, 335 
resistivity of, 359 
Silver point, 119, 127 
Smith resistance bridge, 133-138, 151 
Sodium wires, resistance of, 328, 329 
Somerfeld free electron theory, 347 
Sound, speed of, in rocket grenade ex¬ 
periments, 437, 439 

Sound velocity as measurement of gas 
temperature, 3S3-392 
Sound waves, and atmospheric tempera¬ 
tures, 430-431, 435 

Spectra, auroral, and atmospheric tem¬ 
perature, 431, 433 
Spectral lines 

and rotational temperatures, 271 
and vibrational temperatures, 275 
effect of temperature on, 421 
formulas from continuous black-bodv 
radiation, 267 

of gases of low density, 19, 20 
transition between energy stages, 268, 
269 

with Doppler broadening, 267, 268, 283 
Spectrophotometric gradients 
color temperatures from, 34 
definition of, 33, 34 

Spectroscopic measurements, accuracy 
of, 22 

Spectrum, continuous, and astrophysical 
temperatures, 31-40 
Speed-act, 297 

Spin levels, separation of intensities 
from, 272 
Spin systems 

and concept of temperature, 8, 13-16, 
237, 238 

energy exchange with lattice vibra¬ 
tions, 8, 238, 243-244, 248 
Spinel structure of metallic oxides, 364 
Stannic oxide, as a semiconductor, 366 
Stark effect, 41, 420 
Stark splitting, 256 
Stars 

atomic constituents, 36 


center of, temp, distribution in, 2S 
color temperatures of, 25-26, 28, 32, 33, 
34, 38, 40 

effective temperature of, 37 

formation of, 53 

giant 

color temperature of, 33, 34 
effective temperature of, 37 
excitation temperatures, 42 
interior temperatures, 49, 51 
kinetic temperatures, 46 
microturbulence, 45, 46 
interior temperatures, 31,47, 49-53, 395 
low temperature, 37 
standard models, 47, 49-52 
surface and envelope temperatures, 
31-48 
variable 

interior temperatures, 51 
Menzel-Zanstra temperatures for, 40 
Wolf-Ray et 
color temperature, 44 
excitation temperatures, 42, 43, 44 
Menzel-Zanstra temperatures, 40, 43 
spectrophotometric gradients, 43 
Stationary nonequilibrium states. Sec 
Nonequilibrium states, stationary 
Steam point. See Fixed points 
Steel, liquid, temp, measurement of, 
320-323 

Stefan-Boltzmann constant, 282, 398 
Stefan-Boltzmann law, 282 
and black-body temperature, 282 
and gas temperatures, 24 
and stellar temperatures, 32, 36, 53 
Stone theory, and atmospheric tempera¬ 
ture, 435 

Stromgren spheres, 54 
Sulfur point. See Fixed points 
Sun, brightness temperature of, 37, 3S, 
48 

Sunspots, rotational temperature of, 42, 
48 

Superconducting galvanometer, 352-355 
use of, 348, 352 
Superconductors 
alloys, 335, 336 

magnetic threshold fields of, 340-351 
partial, 336-340 
mechanism of, 340-346 
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Superconductors— cont. 
pure, 335, 336 

thermoelectric properties of, 346-349 
Susceptibility, magnetic. See Paramag¬ 
netic salts 

Taylor-Maccoll theory, 435 
Technetium, 53 
Temperature 
based on line profiles, 418 
concept of, 3-8, 236-237 
near absolute zero, 9-11 
under nonequilibrium conditions, 
28-30, 238-240 

continuous measurement of, 386-387 
control of, 366 
definition of, 236, 265, 266 
electron collision as a function of, 417, 
423 

fictitious, 240 

high. See also Electric discharges; 
Flames;Gases,temp.of; Ionization 
temperatures; Nuclear explosions 
beyond 35,000°K, 421-423 
definition, 9 

production in electric discharges, 
414-416 

substances at, temp, distribution in, 
28 

theoretical considerations of, 19-30 
in atomic explosions, 395 fT. 
in upper atmosphere, 429 fT. 
instantaneous, measurement of, 383, 
387 
low 

below 1°K, 251-264 
below 4°K, 371 
below 7°K, 327 
below 20°K, 378 
between 5° to 14°K, 1S2-183 
definition, 9 

measurement of, 179, 199. See also 
Scales, low temperature 
near absolute zero, 9-17 
obtaining of, 11-12, 185, 251. See also 
Paramagnetic salts 
semiconductors to measure, 1S2 
methods of measuring, table, 289 
raising of, effect on systems, 9 
single, methods of measuring, 318-320 
varying, rapid measurement of, 365 


Temperature changes, rapid, measure¬ 
ment of, 383, 387 
Temperature function, 4, 5 
Temperature gradients 
difficulty of measuring, 28 
in a flame front, 266 
in hot flame gases, 265, 267, 272, 283 
in upper atmosphere, 31, 430, 431 
of nuclear explosion, 405, 408 
of star interiors. See Stars, interior 
temperatures 

Temperature scales. See Scales 
Tentative Standard Atmosphere, 429, 
430 

Thermal diffusion pressure, estimation 
of, 82-83 • ' 

Thermal dilation, 
coefficient of, 77, 85, 86 
of vitreous silica and mercury, 92 
Thermal equilibrium 
absence of, 28-30 
between systems, 15 
definition of, 3, 5 

establishment of in lattices, 229-231 
existence of, determination, 21 
gases in, 267, 275 
importance of, 19 
obtaining at low temperatures, 252 
of a monatomic gas, 413, 416, 417, 421 
of a paramagnetic salt. Sec Paramag¬ 
netic salts 

Thermal expansion, coefficient, of bulb 
K material, 82, 84 
Thermistors (semiconducting thermom¬ 
eters), 307 , 364. Sec also Semicon¬ 
ductors 

applications of, 366 
range of, 369 

reproducibility of, 182, 365, 368 
sensitivity of, 182, 312 
stability of, 312 
Thermocouples 
advantage of, 300 
chromel/alumel, 306 
comparison with resistance thermom¬ 
eters, 306-307, 311 
copper/constantan 

calibration of, 180, 1S2 

range of, 305 
description of, 299-300 
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determination of flame gas tempera¬ 
ture by, 266 
disadvantage of, 299 
for low temperatures, advantages, 179 
immersion, 321-322, 323 
iron/constantan, 305 
kinds of, 305-306 
platinum/platinum-rhodium 
calibration of, 129 

for measuring temp, gradient along 
“dead space,” 113 

for measuring temp, of liquid steel, 
321 

range of, 306 

reproducibility obtained with, 117 
range of use, 299 

Thermocouple-milli voltmeter circuit, 

301-303 

Thermocouple-potentiometer circuit, 
303-305 

Thermocouple scale, 119, 120 
Thermodynamic degree, size of, 67 
Thermodynamic equilibrium, between 
spin systems, 14, 15 
Thermodynamic temperature 
calculation of, 107-109 
obtained from P-V isotherms of he¬ 
lium, 99-102 

relation of magnetic temperature to, 
199 

Thermodynamic temperature scale. See 
Scales, Kelvin; Scales, Centigrade 
thermodynamic 
Thermodynamics 
of irreversible processes, 215 
and fluctuations, 223-229 
and stationary nonequilibrium 
states, 220-223 
in lattices, 229-231 
principles of, 216-220 
statistical mechanics of, 215, 216 
second law of 

application to closed systems, 217 
in establishing temp, scale, 6, 63,251 
254 

limitations of, 215 
temperature based on, 9 
third law of, 11,12, 13,17 
zeroth law of, 3, 5 


Thermoelectric power 
of metals, 346, 247, 348 
of radiation pyrometers, 314 
of thermocouples, 306 
Thermoelectricity, laws of, 300 
Thermometers 
bimetal, 298-299 
carbon, 370-376 

choice of, considerations in, 287-288 
classification of, 288-289 
commonly used types, 288-289 
filled-system 
bulbs for, 295 
classification of, 291 
errors of, 295-297 
recording pens for, 298 
for recording rapid changes, 383, 387 
gas 

auxiliary, 74, 105 
diagram of, 75 
performance, 86 
theory, 83-86 

comparison with platinum resistance 
thermometers, 91-92 
constant bulb temperature, 105-106 
dead space correction, 74, 105, 108, 
113 

determination of p-T relation by, 
185, 201 

experimental, 72-74 
deviations from idealized, correc¬ 
tions for, 108 

approximations, 82, 86, 108 
gas imperfections, 88-91 
gravitational, 79-80 
temperature variations, 80-81 
thermometric fluid, departure 
from perfect gas, 81, 88 
thermostat temperature differ¬ 
ence, 81-82 

various sources of error, 82-83, 
105-106, 185 

volume variations, 80-81 
external pressure control system for, 
74 

for realizing Kelvin scale, 63, 72-74 
helium, 82, 185 
history of use, 103 
hydrogen, 115, 180 
idealized constant-pressure, 69-71, 
87, 105 
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Thermometers— conf. 
gas— coni. 

idealized constant-volume, 67-69, 77, 
105 

manometers for. See Manometers 
nitrogen, 72, 82 

Physikalisch - Technische Rundes- 
anstalt, 104, 111-112 
pressure measurement by, 71, 106, 
109-111 

thermal diffusion pressure in, 82-83 
gas-filled, 293-294 
errors in, 295, 296 
recording pen for, 298 
response time of, 297 
liquid-filled, 294-295, 296 
liquid-in-glass, 289-290 
comparison with bimetal thermom¬ 
eters, 298 

magnetic. See also Paramagnetic salts; 
Magnetic temperatures 
accuracy of, 209-212 
for region 5°-14°K, 182-183 
in establishing helium vapor-pres¬ 
sure scale, 99, 185, 187, 190, 191— 
195, 199-201 

mercury-in-glass, 115, 138 
nickel films as, 377 

platinum resistance. See also Ther¬ 
mometers, resistance 
additive changes in, 150-151 
agreement with Kelvin (thermody¬ 
namic) scale, 180 
coiled filament, 148, 149, 150 
comparison with nitrogen gas ther¬ 
mometers, 91-92 
construction of, 92 
design of, 132 
effect of chilling on, 150 
effect of heat conduction on, 149 
fixed points of, 152 
for low temperatures, 179 
for temp, above 20°K, 369 
helium in, 133 
intercomparison of, 126, 180 
International scale based on 91, 117, 
118, 119 

interpolation methods, 183 
measurement of, methods for, 133, 
142-148 

platinum for, purity of, 118 


precision of, 91, 128, 141-142, 167- 
168, 180 

at low temperatures, 182 
range of, 311 
extension of, 128 
reproducibility, 179 
small size, 148-149 
to determine zinc point, 170, 181 
pyrometric cones, 318-319 
resistance 

carbon, 340, 371-376, 380-382 
comparison with thermocouple, 300- 
307, 311 

constantan as, 331 
conversion to temperature values, 
382 

description of, 308-311 
effect of leads, 311 
manganin as, 331 
materials for, 307, 311-312 
platinum. See Thermometers, plat¬ 
inum resistance 
range of, 311 

semiconducting. See Semiconductors; 
Thermistors 

superconductors as. See Supercon¬ 
ductors 

thermistor. See Thermistors; Semicon¬ 
ductors 

thermocouples. See Thermocouples 
vapor-pressure 

ambient temp, error in, 295 
description of, 292-293 
for low temperatures, 179,185 
for P-V isotherms of He 4 , 99-100 
Thermometric coefficient of a perfect 
gas,72 

corrections to obtain, 88 
Thermometric fluid 

deviation from perfect gas, 81, SS 
equation of state of, 75 
Thermometric parameter, 252, 253 
Thermomolecular pressure, 185, 225 
Thermonuclear energy. See also Nuclear 
explosions 

of stars, 50, 52, 395 
Thermopile, 312 

Thomson heat, in a superconducting 
metal, 346-347 

Tin, superconducting, 349, 350, 351 
Tinsley thermometer, 175,176 
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TNT explosions 

and generation of sound waves, 431 
energy equivalent to nuclear explo¬ 
sions, 396 
radiation in, 399 
temperature of, 395 

Transition probabilities, 20, 268, 269, 272, 
273, 275, 276 

Transition temperature, 344, 347 

Translational temperature, 27, 267, 279, 
283 

Triple point cell, 142, 153, 154, 170, 175 
Triple point of hydrogen, 196 
Triple point of water. See Fixed points 
Tungsten resistance thermometer, 312 
Tungsten rod, and free burning arc, 414 
Tungsten-strip lamps, intejcomparison 
of, 126 

•» + 

Turbines, gas, temp, of flatnes in, *265 
Turbulence 

and excitation temperature, 41 
and kinetic temperature, 45, 46, 48 

Two-color method of temperature meas¬ 
urement, 281 

1 wo-path method of measuring hot 
gases, 279, 280 

Ultrasonic interferometry, 366 

Ultrasonic waves, in gases, 237, 246-247 
383 

Ultraviolet absorption, and atmospheric 
temperature, 433 

University of California, low temp, scale 
of, 179-180 
Uranium 235 

energy of fission, 396, 397 
heat of fission, 395 

Uranium dioxide (UO,), as a semicon- 
ductor, 366 


Vapor-pressure thermometer. See Ther¬ 
mometers, vapor pressure 
\ ibrational quantum of diamond grains 
at low temperature, 12 
Vibrational temperatures, 267, 269, 282, 
measurement of, 275-276 
of carbon stars, 42 
Yirial coefficients, 75 
corrections from, 88-S9, 188, 190, 195 
in equation for isotherms of helium, 100 
Visual magnitude, definition of, 32 
\ olume variations, in gas thermometrj-, 
SO-81 

Water-pipe, electric arc burning through, 
414, 415, 417, 419, 421 
Water vapor plasma, as a function of 
temperature, 422 
Watkins’ disks, 319 
Weiss constant, 186 
Wheatsone bridge, 133, 308 
White Sands, N. M., and rocket sound¬ 
ings, 439, 440 

Wien approximation, 277, 278, 279, 280 
281 

Wien displacement law 
and radiance methods of temperature 
determination, 282 

and stellar temperatures, 25, 26, 31,32 
48 

applied to photons, 403, 405 
equation, 24 

in extrapolation of scales, 119, 123 
Wilson’s energy band model, 361-362, 364 
Wolf-Rayet stars. See Stars, Wolf-Rayet 

Zeeman effect and excitation tempera¬ 
ture, 41 

Zeroth law of thermodynamics, 3, 5 
Zinc oxide, as a semiconductor, 366 
Zinc point. See Fixed points 



